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A key aspect of the fibre to yarn production process is the quality of the resultant yarn. 
The important yarn quality characteristics are evenness, tenacity, and hairiness. Fibre 
diameter and length are known to be the most important fibre parameters influencing ring-
spun yarn properties. This study examined the changes in mean diameter and length of 
animal fibres after separating the fibres into different length-diameter groups (fibre 
length-diameter fractionation), and how such changes affected the resultant yarn 
properties. The optimal animal fibre length-diameter which results in yarns with superior 
quality was modelled and validated.  
 
The physical and mechanical properties of raw Australian superfine merino wool (ASFW) 
and Inner Mongolia Cashmere (IMC) fibres as well as their dimensional and distribution 
profiles have been studied by using fit transformation functions obtained through 
correlation coefficient analysis. The properties of both ASFW and IMC fibres were 
positively skewed and asymmetric in nature, while the fibre diameters depended on their 
lengths. The fibre linear densities, diameters, and lengths were positively correlated with 
the breaking force. In addition, a modified Weibull model, which incorporates the 
coefficient of variation of the fibre diameters of ASFW and IMC, was proposed to 
examine the effect of the fibre diameter on fibre strength. To determine the fibre strength, 
tensile measurements were carried out for fibres with diameters between 9 to 21 μm. An 
increase in the diameter disparity along the fibre reduced the strength of both ASFW and 
IMC fibres. To validate this, the precision of predicting the weak-link scaling was 
measured; the results show that applying the modified Weibull distribution gives a better 
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relationship with the empirical data than that obtained with the standard Weibull model. 
The results suggest that the modified Weibull model can accurately predict the size 
dependence and strength of non-uniform fibres. Elucidating the physical and mechanical 
characteristics of fine animal fibres can help to develop various simulation methods of 
fibre fractionation and blending based on different fibre lengths. 
 
The correlation between fibre length and diameter was investigated for ASFW and IMC 
fibres. A significant positive correlation existed between fibre length and diameter of the 
unprocessed ASFW and IMC fibres. The effect of simultaneously changing fibre length 
and diameter ranges on the resulting yarn properties was predicted. Fibre samples were 
fractionated into the longer-coarser and shorter-finer groups. The implication of such fibre 
separation on the quality of the resultant yarns was examined using a well-established 
prediction tool, the Sirolan-YarnspecTM software package. The total Yarn Quality Score 
(YQSt) derived from the predicted yarn properties was used to optimise the fractionated 
length group to achieve the desired yarn quality. After separating long fibres from the 
samples, the mean diameter of the remaining fibres was observed to decrease by up to 2 
μm. The results showed there were significant variations in the predicted yarn quality 
between the groups with different lengths. The predicted yarn unevenness and tenacity 
improved for both ASFW and IMC with simultaneous changes in fibre diameter and 
length from the longest to the shortest groups. However, the best length-diameter group 
had a higher hairiness value and spinning ends-down than the original fibre mass (OFM) 
group. The best fractionated animal fibre length-diameter (medium+short group) achieved 
the optimum predicted YQSt value for both ASFW and IMC fibres compared with that of 
OFM group. It was revealed that removing the long fibres plays a key role in changing 
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the average diameter and length of both single and bundle animal fibres. The simulation 
of animal fibre separation showed the potential of improving the quality of yarns made 
from these fibres. The reduction in fibre length results in negative effects on some yarn 
properties such as yarn hairiness and spinning ends-down.  
 
The optimal animal fibre length-diameter blend was simulated with the aim of improving 
the quality of the fractionated optimal fibre length-diameter. A simulation of the length 
blending process using long, medium, and short fibre length groups was evaluated for 
predicting various yarn properties using the simplex lattice mixture design. To further 
explore the effect of blended animal fibre length on the quality of the final yarns, a well-
established prediction tool, the Sirolan-YarnspecTM software package, was used to predict 
key properties of the yarn for fifteen groups of length blends. However, optimising fibre 
length-diameter blends to achieve the best yarn quality is complex and can be considered 
a Multi-Criterion Decision-Making challenge (MCDM). Additionally, using the 
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) and the 
analytic hierarchy process (AHP) can be beneficial for selecting the ideal combination of 
fibre length and diameter.  
 
Prediction regression equations were used in this study to produce fitness functions for 
input into a genetic algorithm used to predict the ranges of fibre length-diameter that 
corresponded with ideal yarn properties. The fibre properties were optimised using these 
newly developed prediction regression models combined with a genetic algorithm. The 
results showed that there were significant variations in the predicted yarn quality between 
the optimized fibre length group and OFM group. The optimal length-diameter group 
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achieved the highest predicted YQSt values for both ASFW and IMC fibres. This 
approach using regression models and a genetic algorithm is novel as all yarn properties 
were simultaneously predicted and optimized to reach the overall optimal solution. 
Additionally, this study identified which characteristics of the fibre are most appropriate 
for optimizing the actual fibre-to-yarn production process. This method would allow 
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CHAPTER 1: GENERAL INTRODUCTION 
 
1.1 Preliminary remarks 
Wool is an important material that is used to produce the spun yarns. These yarns are then 
used in the production of the outer as well as inner layer clothing items. The purpose of 
using wool in these two layers is to provide consumers warmth when wearing the clothing, 
especially during the cold seasons. An active lifestyle and changing environmental 
conditions in the home have reduced the demand for heavy clothing. Consequently, the 
demand for the lighter clothing has increased, which has created the need for production 
of finer and stronger yarns to manufacture casual garments. The lighter garments can be 
worn throughout the year since they are trans-seasonal. The increase in production of 
Australian Merino wool in the future will depend on the ability of the textile industry to 
accommodate the changing needs of the consumer. For example, the demand for the wool 
can be maintained if the textile industry is able to use it in the production of next-to-skin 
or trans-seasonal knitwear. Currently, the trans-seasonal knitwear is dominated by 
synthetic and cotton fibres. Australia has a significant growth opportunity since it 
produces about 90 % of the total quantity of the superfine wool in the world  [1, 2]. 
 
The overall quality and suppleness of the knitwear are attributed to the premium quality 
of yarns that are made from luxurious fibres, such as the superfine Merino wool, cashmere 
and alpaca [3, 4]. The growth of wool used in the next-to-skin knitwear market requires 
the production of fibre that is appealing to the consumer. This study will focus on the 
correlation between length and diameter of superfine animal fibres since they are the key 
determinants of yarn quality. This topic was selected because the determination of an ideal 
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combination of diameter and fibre length will provide a guide to the yarn manufacturers 
for producing yarn with superior quality using superfine animal fibres.   
 
1.2 General background 
One of the important production processes in the textile industry is the spinning process. 
The quality of the resulting yarn is very important in determining their possible 
applications, and it can be influenced by fibre properties. With respect to the fibre 
properties, the most important factors are the average fibre diameter followed by the fibre 
length and fibre diameter variation [5]. These fibre characteristics affect yarn properties 
including yarn evenness, a number of thin areas, hairiness, strength, elongation and 
spinning ends-down [5, 6]. 
The fineness of fibre has a significant effect on the yarn properties. The thick and thin 
fibres differ on how they are arranged in the yarn axis. At the same length, thicker fibres 
tend to align themselves away from the vertical axis of the yarn. The fine ones, on the 
other hand, are closely aligned with the axis. The thickness of the fibre is directly 
proportional to the yarn hairiness, implying that thick fibres make the yarn hairier [7]. 
Another yarn property affected by the fibre diameter is the irregularity. For a given yarn 
count, the yarn irregularity will increase with an increase in the diameter of fibre. There 
are some theoretical frameworks that have studied the relationship between fibre diameter 
and the yarn irregularity [8-11]. This led to the conclusion that when fibre diameter is 
increased, yarn breaking strength and elongation are adversely affected due to an increase 
in yarn irregularity and a decrease in fibre-to-fibre surface contact. The tensile strength of 
yarn is also inversely affected by fibre diameter for a given yarn linear density (tex) and 
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twist [12-14]. Another important property of yarn that is affected by fibre diameter at a 
constant yarn linear density is the frequency of the thick and thin places. An exponential 
increase is noted when the diameter increases. Generally, the frequency of yarn faults 
increases when the fibre diameter increases, particularly the fault and neps, although for 
the latter, opposite trends have been observed [7]. When the fibres are fine, the formation 
of neps is likely to grow at a faster rate. 
The length of fibre is as important as the fibre diameter and affects yarn quality 
significantly. With an increase in the mean fibre length (MFL), the worsted yarn breaking 
strength and elongation appear to be improved [15, 16]. This will depend on the yarn 
linear density as well as the twist factors. When the MFL is increased, the irregularity of 
yarn and the frequencies of thin and thick places tend to decrease. In most cases, an 
increment in the MFL may result in an adverse effect on the frequencies of neps although 
the effect is not always consistent [15]. Likewise, the numbers of yarn faults and the slubs 
will be diminished as the length of wool fibre is increased. An increase in fibre length 
generally reduces yarn hairiness [7]. In order to achieve the desired yarn properties, some 
existing ways of changing fibre diameter and length have been investigated to gain an 
optimum combination of fibre length and diameter [17-19]. 
 
The optimum fibre length and diameter can be obtained through selective breeding of the 
animals. This leads to the production of fine fibres. The production of superfine fibre from 
animals has increased in the past few decades. However, farmers in Australia have 
achieved an insignificant decrease in fibre diameter (< 1 µm) over the last five years [17]. 
Trends indicate that there is a growing interest in a further reduction of average wool 
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diameter. The physical, as well as the mechanical features of wool, can also be modified 
through the oxidation/reduction treatments [18]. These chemical treatments have been 
opposed because they are not friendly to the environment. The protease enzyme treatment 
for shrink-resistance is considered as a viable alternative, which leads to a reduction in 
diameter of about 1.5-2.0 μm [20]. The enzymatic treatment of the fibre is considered to 
be environmentally friendly compared to the chemical treatment. However, it is associated 
with a high risk of destruction to the fibre surface. The Optim™ is another chemical 
treatment technique that is used to stretch fibre in order to make it finer [19]. This method 
can result in reduced average fibre diameter (by 2-3 µm), an increase in the level of 
softness, length, and the silk-like lustre. However, it leads to the degradation of cuticle 
scales and a reduction in the wet modulus of the wool fibre [21, 22]. These limitations 
suggest that researchers should identify a physical method of achieving sufficiently fine 
fibres without any chemical damage.  
 
This study aims to identify an ideal combination of fibre length and diameter to improve 
the quality of yarn made from these fibres by simulating the effects of fibre fractionation 
and blending with simultaneous changes in average diameter and length of fibres. 
 
1.3 The research objectives and approach of this study 
An important aspect of the spinning process is the quality of the resultant yarn. This 
project aims to provide a better understanding of fibre diameter and length relationship of 
superfine animal fibres and their effects on yarn quality. Once the relationship is 
established for selected fibre types, the simulation of the effects of fibre fractionation and 
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blending over given lengths on the average diameter and length of fibres can be modelled. 
Subsequently, changes in yarn properties can be predicted for these fibre diameter and 
length groups. Finally, the optimal fibre length-diameter which results in yarns with 
superior quality can be identified and validated. The unifying hypothesis tested in this 
thesis is that simultaneous changes in fibre diameter and length can influence the 
properties of the resultant ring spun yarns. This work is unique in that it simulates new 
physical approaches such as fibre fractionation and blending over a given length to change 
the average diameter and length of animal fibres. It has the potential of adding value to 
luxury animal fibres and improving the quality of yarn made from the fibres. The focus 
of this project is on superfine Australian wool and Inner Mongolia cashmere fibres. 
Hence, the objectives of this project are: 
 
I. To identify a correlation between single fibre length and diameter for superfine Merino 
wool fibre and Inner Mongolia cashmere fibres respectively.  
 
II. Once the relationship between fibre diameter and length is established, the main aim 
of this study is to examine the change in mean fibre diameter when fibre length is changed 
by simulating fibre fractionation and blending of the different percentage of fractionated 
length groups.  
 
III. To model how changes in fibre diameter and length affect the properties of the 
resultant yarns.  
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IV. To simulate the best fractionated animal fibre length-diameter which results in yarns 
with better quality compared with that of original fibre mass. 
 
IV. To simulate the best animal fibre length-diameter blend which results in yarns with 
better quality compared with that of original fibre mass. 
 
V. To simulate the final optimal animal fibre length-diameter using data fitting regression 
models/genetic algorithm which results in yarns with superior quality.  
 
It is hoped that the fundamental objectives described above can add to the existing 
knowledge of fibre length and diameter associated with yarn properties and may allow 
appropriate management and strategies to be implemented for the production of premium 
quality yarns. 
1.4 The outline of the thesis 
The literature review in Chapter 2 encompasses a range of issues related to understanding 
the importance of the animal fibre properties and their contribution to the resultant yarn 
properties. Additionally, the existing ways of changing fibre diameter and length are 
discussed. The physical and mechanical properties of Australian superfine Merino wool 
and Inner Mongolia cashmere fibres such as length and diameter are discussed in Chapter 
3. This data is used to study fibre fractionation and blending based on different length 
groups which are discussed in the following chapters. The applicability of the diameter-
dependent Weibull analysis by incorporating the within-fibre diameter variation is applied 
to predict the tensile strength of irregular fibres while keeping the fibre length constant is 
also described in Chapter 3. Chapter 4 focuses on the simulation of animal fibre 
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fractionation for prediction of the resultant ring spun yarn properties. The optimal 
fractionated animal fibre length-diameter which results in yarn with superior quality is 
discussed in this chapter. Chapter 5 describes the simulation of the fractionated fibre 
length-diameter blends for prediction of the yarn properties. In Chapter 6, yarn prediction 
regression models are proposed. The simulation of an optimal animal fibre length-
diameter using data fitting regression models/genetic algorithm are discussed in this 
chapter. Chapter 7, gives a summary of the conclusions derived from this study. Some 
















CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
Yarn properties are believed to mainly rely on the surface, physical and mechanical 
properties of fibres [5, 7]. Several reports have already shown that yarn properties are 
closely associated with fibre length and diameter [15, 16]. Subsequently, researchers have 
attempted to look for the methods to achieve wool with an ideal combination of fibre 
length and diameter [17-22]. The current understanding of the importance of fibre length 
and diameter as well as existing ways of fibre length and diameter modification are 
reviewed in this section, particularly in relation to superfine Merino wool and cashmere, 
as these are the fibre types examined in this study. Some other factors affecting yarn 
properties, such as processing parameters are beyond the scope of this study and will not 
be discussed in this chapter.  
 
The subsequent section will focus on wool and cashmere and their use in the 
manufacturing of apparel. Focusing on the next section will present a background in 
regard to use of wool and cashmere in making apparel.   
 
2.2 Wool and cashmere-apparel fibres 
Wool and cashmere are the most popular animal fibre sources for manufacturing high-
quality men’s and women’s apparel and accessories. It is estimated that the world wool 
production in 2014/2015 was 1166 million kilograms which is expected to drop in the 
future [23]. The world production is projected to decline by approximately 1.5% by the 
end of 2016. Wool’s share of the global apparel market in 2015 was 1.2%. The main 
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market is in China, Australia, Iran and European countries [24], while the percentage 
share of fine wool fibres (<18.5um) for clothing is about 25% [24].  
 
Alpaca and cashmere are considered as luxury fibres. This classification is attributed to 
their price, softness, exclusivity, image and rarity [4, 25-27]. In the year 2014/2015, 
figures show about 5 million [28, 29] kilogrammes of alpaca and cashmere were 
produced. The next subsection will basically focus on wool and some of its characteristics 
in order to show its unique features that are deemed important.  
 
2.2.1 Wool 
The type of hair that is obtained from domestic sheep (Ovis aries) is known as wool [30-
32]. The world has over 500 different breeds of sheep, which result in wool having a 
variety of characteristics. Merino sheep wool has unique features, and it is considered to 
be soft, high quality, and fine. These characteristics make Merino wool a suitable fibre 
for apparel production. The characteristics of Merino wool play a critical role towards 
softness of apparel [33]. It is estimated that Merino’s fibre is about 50-125 mm in terms 
of length. However, differences in length are influenced by many factors, including the 
environmental conditions and genetic composition of the sheep [34]. The diameter of fine 
wool fibre is ranging from10 μm to 25 μm. These features make wool a good choice for 
the production of apparel. However, the coarse wool can have a diameter of approximately 
35 μm or more, which is used to make carpets. The diameter of the wool as well as 
compression properties influence the suitability of wool fibre in making apparel  [33, 34]. 
It has been shown that a sheep can produce about 6 kg of greasy wool. It is also clear that, 
increase in fibre diameter is commonly related to the age and sex of animal [35]. Although 
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wool has been the common type of material used to make apparel, it is being progressively 
replaced by alternative types of fibre, such as synthetic fibres and cotton. The world has 
been moving towards an increase in the production of synthetic fibre because of an 
increase in world population and per capita fibre consumption. Additionally, the desire to 
reduce cost of production makes stakeholders in textile industry reliant on the fibre that 
can make apparels at a lower cost. Apart from the economic factors, the demand for meat 
has reduced the population of Merino sheep. This has further made the production of 
synthetic fibre a more viable option [36]. Wool’s share of the world apparel market in 
2015 was just 1.2% [23].  
 
Wool has been one of the key sources of foreign currency for some countries, such as 
Australia for the last 120 years [37]. However, the wool industry crashed in 1991, which 
resulted in a significant decrease in its value as well as its contribution to the Australian 
economy [1]. Australia has remained the largest producer of apparel wool globally, in 
spite of the significant decrease in the value of the wool fibre in the last three decades 
[36]. In 2014-2015, it was estimated that more than 70 million sheep were shorn within 
Australia. The wool production was 322 million kgs greasy and approximately 225 
million kgs clean weight [38]. Australia has managed to maintain its position as the global 
leader in the production of wool fibre [39]. The next section will focus on exceptional 
characteristics of cashmere that make it an outstanding fibre.  
  
2.2.2 Cashmere 
Cashmere fibre is a fine inner-coat that is obtained from goats, such as Capra hircus 
Laniger that are domesticated in many parts of the world [25, 40, 41]. It is considered a 
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luxurious fibre and one of the softest type of fibres obtained from animals [42-44]. The 
high level of luxurious clothing made of cashmere is attributed to its softness [43, 45, 46]. 
Afghanistan, China, Tibet, and Mongolia are the major producers of cashmere. Some 
other countries, such as Australia, New Zealand, Iran, and Central Asia produce it in small 
quantities [25]. China produces the best quality of cashmere compared to other nations.  
 
The quality of the fibre is attributed to several factors, such as breeds, environmental 
conditions and the suitability of the farming practices. China has the largest population of 
cashmere goats [47]. The various breeds do not produce the same quantities of cashmere.  
Ying [47] described some of the many goat breeds located in China, including Inner 
Mongolia and Tibet. The Northern pastoral region, which includes Inner Mongolia, Gansu 
and Shanxi provinces (bordering Inner Mongolia) and the Xinjiang Uygur to the west, 
supports mainly multipurpose goat breeds. The Inner Mongolian goats are noted for their 
white cashmere. The fibre diameter range for cashmere originating from the Northern 
pastoral region is approximately 14.5-17 μm [25]. Tibetan goats, located South West of 
Inner Mongolia in the Qinghai-Tibet Plateau produce good quantities of cashmere (200-
300 gr per fleece). Zhongwei goats inhabit the desert steppes of Gansu province of 
neighbouring Inner Mongolia. These animals produce cashmere fibre of approximately 
12.5 μm and have a staple length of 7 cm.  Cashmere is usually harvested during Spring, 
when farmers comb the goats or collect the fallen fibres [25]. By far the largest producers 
of cashmere per fleece are the Liaoning province goats which are raised in the cold, 
Northern agricultural region of China. In these cold, humid regions, the Liaoning goats 
produce an average mass of 500 gr of down per animal, being about 55% by weight of the 
total fleece [47]. The cashmere grown by these goats is usually white in colour and quite 
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long (6 cm). Other goat breeds which produce cashmere are the Chengde Polled and Wuan 
breeds, raised in the Hebei province. The area is mountainous and humid, ranging from 
54-69% relative humidity. Mean fibre diameters range from 14-16 μm for the Chengde 
breed and 18-20 μm for the Wuan goats [25]. From a retail point of view, the Wuan 
cashmere may be considered too coarse for fine knitwear and is similar in fibre diameter 
to Iranian cashmere about which there is much debate [25]. Low cashmere producers are 
the Jining Green breed, raised only in the Shandong province. These animals produce 
cashmere fibre of approximately 13 μm but the yield is quite low, being 16-30% of the 
total fleece weight [25, 41]. 
 
Practices are quite different in Australia where the fleece is shorn during the midwinter 
period and the coarse hair removed through the process of dehairing [42, 48]. The 
cashmere that is produced by Australian farmers has about 70 % coarse hairs [48]. Under 
normal circumstances, cashmere obtained from each goat weighs about 0.6-1 kg [35]. The 
length of cashmere varies between 35 mm and 80 mm, while its fineness is about 14 to 
17 μm [46]. However, Iranian cashmere has a diameter of about 17 μm to 20 μm [32].  
 
Cashmere is considered as an expensive and rare type of fibre with a limited supply and 
a high cost of processing [48]. It is quite difficult to substitute cashmere. Researchers have 
focused on the development of techniques to identify and differentiate other fibres from 
cashmere [49]. Therefore, the uniqueness of cashmere gives it some economic value 
compared to other types of fibre, including wool. In addition, limited supply creates an 
opportunity for supply and demand in the market which potentially increases the price of 
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cashmere. Wool is readily available and easy to process, but its price is low compared to 
cashmere.  
 
Therefore, the subsequent subsection will mainly focus on processing of both wool and 
cashmere. This is because it is necessary to explain how wool and cashmere are 
transformed into finished fabrics and the conversions techniques.      
 
2.2.3 Wool and cashmere processing 
The process of converting the raw wool into finished fabric is quite complex. This 
procedure has been refined over the years to the current processes that are used in the 
textile industry. Currently, scholars have provided a large volume of information about 
the processing of wool, but the techniques used in the conversion of cashmere and other 
rare fibres are confidential [4, 50, 51]. The rare fibres are processed by a few companies, 
with limited information about the techniques used to process them. Machines used to 
process wool can also be applied in the conversion of other types of fibre to finished 
products, but a few adjustments should be made in order to enhance efficiency [4, 52, 53].  
 
The contemporary wool industry is mainly dominated by three key systems for converting 
fibres into fabrics. The systems entail worsted, woollen and semi-worsted processes. 
Worsted process is the longest process when compared with woollen and semi-worsted 
systems. Approximately 80% of the Australian wool is processed using the worsted 
system. This is because the worsted yarns tend to be stronger, smoother, and finer as well 
as uniform [4]. The need to make some adjustment when processing the rare fibres is 
attributed to the fact that they have different properties from wool.  
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The conversion of fibre into finished yarn involves a series of complex processes. The 
initial process is the purification, and it is accomplished through the removal of dirt, 
grease, soluble proteins, and vegetable matter [54, 55]. Some types of fleece are dusty and 
may require the processors to dedust them before scouring [4]. Wool collected from the 
floor is one of the examples that fibre may contain dirt. However, some fibres might be 
contaminated by dirt and other types of contaminant during harvesting. Fibres are then 
dried, blended, lubricated, and moistened in order to minimise problems that are 
associated with the fibre breakage and static electricity in the successive mechanical 
processes. The cashmere goat fleece contains very coarse guard hair that creates the need 
for dehairing. The dehairing process involves the removal of coarse hair and its separation 
from the finer fibres [29, 46, 56, 57]. Processors can use three types of processes, 
including the worsted, woollen, and the cotton system to convert the scoured cashmere 
fibres into yarns, which  are then used in the production of apparel [58-60]. The three 
types of processing systems are differentiated by the level of alignment and short fibres 
in the final yarn [60]. A decision on the type of system that should be applied in the 
process of converting fibre into yarn should be determined by the properties of the raw 
material. For example, the process should take account of the key features, such as the 
fineness and fibre length before selecting the type of system.  
 
Processing of the wool commences from clean scoured wool and ends with yarn that is 
ready for fabric manufacturing. The woollen system forms the shortest route for 
processing fibres that are classified on the basis of their softness, bulkiness, and hairiness 
[4, 60]. The luxurious fibres, including the vicuna, alpaca, and cashmere are spun using 
the woollen system [4, 53, 61]. However, different forms of fibre waste, such as noils may 
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also be processed using the woollen system for yarns up to about 2000 tex (linear mass 
density of fibres) [60]. The system helps the processors exploit the softness of the raw 
fibre, which results in the production of easily compressible yarns [62]. In other words, 
the type of the system that the processors decide to use is determined by their ability to 
take advantage of the features of the fibre in producing quality and marketable yarn and 
apparel.  
 
Processors use the worsted system to align the fibre in a parallel way before spinning it, 
which is accomplished through a series of steps. In most cases, wool fibres that have a 
length of about 40-200 mm are processed using the worsted system. One of the key steps 
in the worsted system is the combination of operations that involve the removal of neps, 
vegetable matter, and short fibres. The remaining fibres are arranged and put into a 
parallel formation. This system allows processors to spin fine, uniform, strong, and less 
hairy yarns [4, 60]. However, the worsted system may also be applied in processing fibres 
with an average length around 40 mm [4]. This provision has enabled Australian 
processors to convert over 80% of Australian wool using the worsted system.  
 
Cashmere with longer length can also be processed using the worsted system [4, 50, 52, 
53, 63-66]. It is also clear that the effects of processing on the length of the cashmere are 
significant, and the length of cashmere impacts on its overall price. It is necessary for 
processors to select the processing system that would preserve the fibre length as much 
as possible [49]. Cashmere and cashmere blends have also been processed on the worsted 
system in Australia [50, 53, 65, 66]. Overall, the fibre length is one of the key factors that 
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the stakeholders in the textile industry use to select the most appropriate type of 
processing technique.  
 
2.2.4 Wool and cashmere fibre growth, chemical and physical structure  
Each mammal has a unique type of hair [67]. The development of hair for each mammal 
occurred during the process of transition from Triassic to Jurassic periods, which took 
place in the past 200 million years [68, 69]. Some of the key functions of hair include the 
protection of the animal from harsh environmental conditions, provision of the 
camouflage element, prevention of the water loss, and regulation of temperature levels 
[25, 35, 68, 70]. Scientists have identified that all mammalian hair has a similar structure, 
chemistry and morphology [31]. All these features appear before the hair can emerge from 
the animal’s skin. The basic hair structure is similar, but the general features may differ 
from one type of animal to another.   
 
2.2.4.1 Growth of animal fibres 
The growth of the mammalian hair starts from the hair follicles that are located in the 
animal’s skin. The hair takes about one week to pass through the animal’s follicle [71].  
The chemical and physical features of animal fibres are determined geneticaly before the 
fibres emerge from the follicles. A standard hair cycle is comprised of three steps [35]. 
The first step is a period in which active growth (anagen) of the cell occurs. During the 
first phase, the cells differentiate depending on the type of physical as well as chemical 
features that are expected to appear on the hair once it emerges from the follicle. The 
second phase (catagen) involves the duration in which cell growth is halted and follicles 
begin to shorten. The shortening of the follicle is a process that indicates the preparation 
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of the hair for emerging. This process makes it easier for the hair to appear above the skin 
of the animal. The last phase is referred to as the resting stage (telogen). This stage takes 
place when exogen is completed and a new phase of anagen begins [35]. The activity that 
occurs in individual follicles can undergo changes at any time during the lifetime of a 
given animal [35, 72, 73].  
 
The cavities from where the hair growth starts can be classified into two groups. These 
groups include the primary and secondary follicles. Follicles are differentiated on the basis 
of their respective accessory structure. The morphology of the follicle is characterised by 
a subiferous gland that is responsible for secretion of suint, arrector pili muscle, and 
sebaceous gland, coating the animal’s fibre with wax prior to its emergence from the 
beneath the skin [55, 72, 74-76]. The hair is coated with wax before its emergence from 
the follicle for different reasons. For example, a hair that is coated has less friction and 
repels water. The coating also protects the skin of the animal from water and dirt. 
Therefore, wax plays a protective role in the process of hair growth.  
Primary follicles have the capacity to yield long coarse outer coat and have all the three 
accessory structures. Their primary follicle facilitates the development of the outer part 
of the fibre or the hair. Secondary follicles, on the other hand, are associated with the 
sebaceous gland. They produce inner coat fibres with finer diameter [40, 72, 74, 77, 78]. 
Secondary follicles carry out the function of developing the interior components of hair. 
Producers are interested in the number of secondary follicles because they determine the 
level of softness and fineness of a fibre [35]. Apart from nurturing the fibre, follicles 
determine its quality and the physical as well as chemical features. The Merino strain is 
yielded by two follicles and it is considered as a single-coated fibre, which makes it 
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indistinguishable [40]. The average length of Merino’s anagen cycle is approximately 
eight years. Although the duration that the fibre takes to grow sounds long, different 
pieces of hair mature and are shed off at different times. The follicle cycles are 
independent of each other. Alpaca is mostly coated with a single fibre type fleece, but 
there are instances when coarse fibres appear in the fleece [35, 42, 68]. Alpaca has a lower 
follicle density (17-20 follicles per mm2) compared to wool [79]. Cashmere goats produce 
double-coated fibre. Their primary follicles yield an outer coat that is known as guard 
hair. The secondary ones produce an inner coat that is referred to as the cashmere [80]. 
Therefore, the two categories of follicles play different functions. The guard hairs are 
usually coarse and they have a diameter of about 40-200 μm [46]. The cashmere that is 
produced in Australia has a follicle density of approximately 23 follicles per mm2 [81].  
The Spanish cashmere is reported between 16 and 46 follicles per mm2 [82]. Cashmere 
from central Asia, Mongolian and China are finer than 17 µm [42]. 
 
Synchronisation of the follicle activity results in moult, thus the cashmere can be combed 
from the fleece [35]. The quantity of suint and grease that is present varies depending on 
the type of follicles and the species of the sheep or goats [83]. Therefore, apart from the 
environment and geographical location, the variety of animal may also determine the 
quality and features of hair. Cashmere has a grease content of about 4.5 % [83] while wool 
has approximately 10-15% [68, 84]. The level of perceived softness of fibre is affected by 




2.2.4.2 Chemical structure of animal fibres 
Wool and cashmere are comprised of a protein referred to as keratin. This type of protein 
is also found in other tissues, including horns, feathers, hooves, and the epidermis [34, 
88]. There exists α- or ß- keratin, but keratin fibre is always made of the α-content [31, 
54, 89]. For a fibre, proteins are the major building blocks. The amount of keratin in clean 
wool is about 82 %, while other types of protein content make up about 17% and 1% by 
and non-protein content, such as polysaccharides, trace elements lipids, and melanin in 
coloured fibres [34]. Non-covalent and covalent bonds play a critical role in stabilising 
proteins that form the cuticle and matrix regions. Some of the key interactions include 
disulphide and strong covalent bonds that cross-link different chains of the peptide, which 
are formed by the Cysteine [34, 54, 70, 85, 88-91]. The strength of the bond varies 
depending on the type of molecules and the proportion of proteins in the fibre. The keratin 
fibres consist of 18 amino acids [31, 34, 54, 85, 90-93]. Although all fibres have similar 
types of proteins, their characteristics differ depending on the proportion of amino acid in 
molecules that act as their building blocks. Wool normally has only 30 µmoles/g free thiol 
groups out of approximately 1000 µmoles/g half cysteine [54]. This indicated that 
virtually all the cysteine residues are involved in disulphide bonds, and the inertness and 
insolubility of wool implies that at least some of these disulphide bonds bridge half-
cysteine residues in different protein chains. Nevertheless, despite the obvious importance 
of these bonds to the mechanical properties of the wool fibre, it is surprising that relatively 
little is known about the precise disulphide bonding pattern, although indirect evidence 
would suggest they occur between neighbouring IF proteins, between IF-IFAP proteins, 
and also between IFAP proteins [54].  
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The swelling behaviour is considered to result from the presence of longitudinally spaced 
linkages between neighbouring microfibril [96]. In fact, IF-IF and or IF-IFAP disulphide 
bonds must be present since the IF molecule in wool may contain 55 cysteine residues 
when the total number of unlinked cysteine residues maybe only 9 [71, 96]. Theoretical 
studies of the limitations imposed on IF structure by disulphide bond formation have 
shown that intra-chain and intra-rope disulphide bonds are not possible, but inter-rope 
disulphide bonds, especially between 2B segments of different tetramers, are likely [71, 
96]. 
 
Very little change takes place in the fibre length [96] or microfibril length with increasing 
RH, whereas both fibre diameter and the inter-microfibrillar distance increase 
considerably [71]. This suggests that the uptake of water is confined primarily to the 
matrix, and indeed the volume swelling is 11% in microfibrils compared to 53% in the 
matrix [71]. This indicates that a high proportion of disulphide linkages must exist 
between cysteine residues which reside in the matrix (intra-molecular). It has also been 
argued that at least 80% of the disulphides must be intra-chain, for otherwise the 
mechanical properties of the wool fibre would correspond to those of a very highly cross-
linked non-swelling polymer. Furthermore, each IF molecule can only form 55 linkages 
whereas about 300 cysteine residues per IF molecule are present in the matrix [71], and 
intra-chain disulphide bonds have been detected in incompletely reduced HS proteins 
[71]. 
 
Although cysteine residues are responsible for most of the covalent crosslinks in wool, 
other types of covalent crosslinking are present in small amount. The isopeptide crosslink 
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is a peptide bond joining the amino group of a lysine residue to the carboxyl group of a 
glutamic acid residue or, less commonly, to the β-carboxyl group of an aspartic acid 
residue [54]. Estimates of the amount of the glutamyl-lysine bonds in wool range from 3 
to 15 µmol/g. Tyrosine residues may also participate in the crosslinking of wool, but only 
in small amount (2 to 3 µmol/g). Wool fibres are also stabilised by non-covalent bonds, 
which despite being individually much weaker than the covalent bonds, because of their 
large number contribute significantly to the mechanical properties of the fibre. The non-
covalent bonds, which stabilise the conformation of the α-helical structure of the IF 
polypeptide chains, are generally classified as hydrogen bonds, hydrophobic bonds and 
ionic bonds [54]. 
 
2.2.5 Physical structure of mammalian hair fibres 
Cortical and cuticle cells are the major components of the hair fibre. These cells 
accumulate by a continuous phase known as the cell membrane complex [34, 42, 54, 90, 
94]. Figure 2-1 shows different types of cells that form the wool fibre. Fibres with a coarse 





Figure 2-1 Wool fibre structure [34] 
2.2.5.1 Cortical Cells 
 
About 90 % of the fibre is made of cortex which determines their mechanical features [70, 
96, 97]. Cortical cells are made up of microfibrils. Microfibrils are made up of water 
impermeable and crystalline intermediate filaments. The filaments are embedded in the 
cross-linked protein matrix [34, 54, 70, 90, 98, 99]. The basic mechanical unit of wool 
fibre is the intermediate filament. The filament provides the elasticity, flexibility, and 
resilience of the wool fibre [100].  
 
There are three types of cortical cells that are identified on the basis of packaging density 
of individual intermediate filaments. These cells include orthocortical, mesocortical and 
paracortical cells [54, 98, 101-103]. All these cells have different features that help in 
differentiating fibres that are harvested from various animals. The fibres that have a high 
content of orthocortical cells are mechanically weaker since their filaments are poorly 
organised and they have a lower content of sulphur [104]. Cortical cells are organised as 
concentric cylinders in Lincoln wool and their core is made up of orthocortical cells [54]. 
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The crimp of fine Merino wool is attributed to the bilateral arrangement of the cortical 
cells [54, 102, 105], with paracortex along the inside of crimp. The bilateral arrangement 
might be an associative factor and not the underlying cause of the crimp. The crimp nature 
of wool could be attributed to keratinisation rate and mitotic asymmetry. Straight Suri 
alpaca has paracortical cells only. Curly Huacaya alpaca, on the other hand, has bilateral 
ortho-para types of cells [92, 106, 107]. The straight fibres, such as felting lustre mutant 
produced by Merino and the Mongolian human hair are comprised of the paracortical cells 
only. The mohair is made up of orthocortical cells, but there are some differentiated 
para/ortho distributions for this fibre [42, 108]. Researchers have used the transmission 
electron microscope to reveal cashmere fibres consisted of mesocortical and orthocortical 
cells [42, 91, 103, 109]. Cortical cells can be extracted from cashmere as well as the wool 
fibres, but it is hard to distinguish these cells of the same diameter.     
 
2.2.5.2 Cuticle scales 
 
The cuticle scales are located on the outermost part of the fibre. These cells make up about 
10 % of the total mass of the fibre and they are amorphous in structure [89, 110, 111]. 
Overlapping along the layers yields the ratchet-like profile on fibre surface [89, 112]. 
Overlapping also generates the protective barrier for cortex from environment [54, 67]. 
The scale edges are directed towards the tip end of the fibre, which facilitates the process 
of anchoring the fibre to the skin. It also expels foreign matter and enhances resistance to 
the movement in the tip-to-root direction [54, 89, 112-114]. The shoulder scale edges are 
embossed when the fibre comes into contact with the inner sheath of the root in the 
follicle. This process occurs in approximately 25 % of the cuticle cells of Merino fibres 
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[115]. Cuticle cells have about three layers, including exocuticle, endocuticle, and 
epicuticle, as shown in Figure 2-2 [89, 116].   
 
 
Figure 2-2 Cuticle structure of a Merino wool fibre [116] 
 
The exocuticle has strong disulphide bonding, which is attributed to a high content of 
cystine. The bond determines the bending feature of a fibre [89, 96, 117, 118]. The 
epicuticle is made up of 18-methyleicosanoic acid-lipid layer and proteins. Thioester bond 
links the lipid to cysteine rich proteins [119, 120]. This lipid layer imparts the hydrophobic 
nature to the surface of the fibre [42]. The surface lipid develops in combination with 
other surface proteins. The concentration of the lipid layers differs depending on the type 
of environment [119]. The endocuticle is considered as the weakest section of the cuticle 
[96, 97, 121, 122]. The surface features of the cuticle are the key determinants of level of 
friction, softness and the chemical reactions that occur in the fibre [89, 118, 119, 123, 
124]. The function of the external lipid is to minimise the frictional resistance of the 
surface [114, 125]. Removal of this lipid layer has been shown to make the surface of the 
fibre hydrophilic and increases the frictional coefficient, which results in a harsher handle. 
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[89, 119, 126, 127]. Cuticle cells are mainly involved in the development of the outer 
parts of fibre and consequently determine the physical features (including the texture) of 
the hair.   
 
2.2.5.3 Cuticle patterns 
The topographical characteristics including, height, cuticle distribution, scale shape, and 
frequency and the presence of the medulla are unique in the fibre that is produced by 
different mammals [42, 67, 128]. The biochemical patterns of cells deformation determine 
the shape of the cuticle cell [67]. Deformation of the cell occurs during the process of 
keratinisation and differentiation of the follicle [54, 67, 89, 115]. The cuticle is estimated 
to be one cell thick in cashmere and wool (16-20 μm) [89, 112]. Human hair, on the other 
hand, has about 6-10 layers of cuticle cells, and Alpaca has 5 layers [84]. It is estimated 
that the goat hair has approximately 10 layers of cuticle cells that surround the fibre’s 
cortex [42]. The cuticle of wool is considered to be slightly thicker on the paracortical 
side compared to the orthocortical side [103, 113].  
 
The interval of scales changes along the specific length of each fibre. Finer fibres have 
been confirmed to have scales that are widely spaced [92, 129, 130]. The frequency of the 
scales found in wool is estimated to be 6-12 scales for every 100 μm; alpaca of 10-11; and 
cashmere of 6-8 [28, 130-133]. The scale height is the major factor that is used to 
distinguish between wool and speciality fibres, which are examined using the scanning 
electronic microscope (SEM) [134]. Speciality fibres and wool have a scale height of < 




Cuticle layer is a major component of the wool which determines the fundamental 
physical as well as chemical properties of the yarn. Chemical and physical composition 
of cuticle layer has impact on the quality of the yarn. The cuticle layer provides the wool 
with elasticity, resilience, wrinkle recovery and elasticity properties. The properties are 
also duplicated towards the quality of the yarn. Cortex influences critical properties of 
wool, such as felting, wettability, printability and dye ability [139]. The intermediate 
filaments of cortical cells are termed as mechanical unit of the wool fibre. They tend to 
provide wool and yarn with elasticity, resilience and flexibility [139].  
 
The next section will basically focus on the importance of physical properties of fibre 
when it comes to the quality of the yarn.  The section is relevant since it will offer 
information concerning the significance of animal fibre properties to the resultant yarn 
quality.  
   
2.3 Importance of animal fibre physical properties to yarn quality 
The yarn processing performance, fabric durability and wearer comfort are influenced by 
the physical properties of animal fibres, such as wool, silk and cashmere [2, 140-143]. 
Textile manufacturers prefer fibres that can help them achieve high quality yarns. This is 
quite challenging for wool, given that the quality of wool is influenced by different 
factors, including the genetic composition of the sheep, management practices, and the 
environment. These factors also affect the diameter and length of animal fibres.  The 
effects of fibre diameter and length as well as their variations on yarn properties are 




2.3.1 Fibre diameter and its effect on yarn properties 
The ultimate market value of wool is highly influenced by fibre diameter [34, 144, 145]. 
Fibre diameter contributes approximately 70-80 % to the wool price [142, 146]. The fibre 
that grows on young sheep is finer as opposed to that one from mature sheep. The fibre 
that grows on an old animal is influenced by different factors such as, the nutrition, 
climate, lactation, pregnancy, age, and health of the animal. This in turn explains the 
existence of wool and cashmere with varying diameters. The variation in fibre diameter 
is also depending on the time of shearing. Variation in terms of breed was also evident 
[147-150].  
 
Diameter is one of the key features that vary along length and between the fibres. The 
single fibre analysis is the major technique that is applied to measure variations in 
diameter along fibre length [145, 151, 152]. Changes in animal fibre diameter tend to 
influence the properties of the yarn [142, 144, 145, 150].  
 
Further, study has found that coarser fibres are likely to produce more irregular yarns even 
at a constant average number of fibres in the yarn cross-section compared to fine fibres. 
The mean number of fibres (n) in yarn cross-section is responsible for determining the 
number of thin places and yarn evenness. Yarn unevenness decreases gradually with 
increasing number of fibres. The number of fibres in yarn cross-section is calculated as 
follows [8, 9]: 
 𝑁𝑢𝑚𝑏𝑒𝑟 (𝑁) = 𝑌𝐶𝑇 × 972/((0.0001 × 𝐶𝑉𝐷
2 + 1)) × 𝑀𝐹𝐷2 
 
(2-1) 




𝐶𝑉𝑀𝑎𝑟𝑡𝑖𝑛𝑑𝑎𝑙𝑒 = 100 ×










Where YCT is a yarn count tex, CVD is a coefficient of variation of fibre diameter and 
MFD is the mean fibre diameter.   
 
The next relevant parameter is strength of the yarn. Yarn tenacity is highly dependent on 
fibre diameter. When the diameter of a fibre is increased, yarn breaking strength is 
adversely affected due to an increase in yarn irregularity and a decrease in fibre-to-fibre 
surface contact. It also decreases yarn elongation [12]. Increasing fibre diameter tends to 
cause an abrupt shift in tensile performance [12-14]. Fibre diameter is therefore directly 
translated to the tenacity of the yarn. Yarn tenacity is also strongly dependent on yarn 
evenness. Yarn tenacity tends to be high in case the evenness is low since the numbers of 
weak places are low as well. Frequency of thick and thin places is also affected by fibre 
diameter [7]. An exponential increase in thick and thin places is noted when the diameter 
increases. When the fibres are fine, the formation of neps is likely to grow at a faster rate.  
 
The coarse and fine fibres differ on how they are arranged in the yarn axis. At the same 
length, thick fibres tend to align themselves away from the vertical axis of the yarn. The 
fine ones, on the other hand, are closely aligned with the axis. The diameter of the fibre 
is directly proportional to the yarn hairiness, implying that thick fibres make the yarn 
hairier [7]. Subsequently, fibre diameter is considered to be important towards enhancing 
the properties of the yarn [153, 154].   
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The next subsection will then focus on the effect of distribution of fibre diameter on yarn 
properties.  
2.3.2 Fibre diameter distribution and its effect on yarn properties 
2.3.2.1 Entire fleece fibre diameter variation 
 
The fibre diameter variation is considered as one of the key factors that influence the 
market price and the ultimate value. The price of wool increases with the decrease in the 
variation of its diameter. A low level of variation in diameter is a measure of fibre overall 
quality [155]. 
 
It has shown that fibre diameter is not homogeneous in fibres even from the same fleece. 
Fibre diameter can vary from 10 to 70 microns within one wool fleece [142]. Standard 
deviation (SD) and the coefficient of variation (CV) are used to represent variability of 
diameter, and they are  positively correlated to fibre diameter [142, 156]. The derived 
values of changes in diameter are considered to be indicative of the actual variation. A 
high SD value is associated with an extensive variation in fibre diameter that is being 
assessed. A low SD value, on the other hand, indicates that the level of variation in 
diameter is quite limited. The value of CV is expressed as a percentage. This figure is 
derived from the SD values, which is divided by the fibre diameter. The CV value allows 
comparison of variations in the diameter of different fibres [156-158]. An increase in the 
value of CV is directly proportion to changes in fibre diameter, irrespective of the 
processing performance of wool. An increase in fibre diameter by one micron is 
associated with an increase in CV percentage of approximately 5% [142, 156, 159-165]. 
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The subsequent subsection will be based on the variation of single/staple fibre diameter 
variation.     
 
2.3.2.2 Single/staple fibre diameter variation 
 
Variations in diameter of wool also occur within a single fibre and staple. This variation  
can be measured on the basis of fibre diameter profile (FDP) [148]. The FDP gives 
processors an insight into divergences that take place naturally as the wool continues to 
grow [148]. The economic significance of the FDP is attributed to its association with the 
staple strength [159, 164]. Independent evaluation of FDP is achieved by segmenting a 
wool staple into several fragments. Different fragments are analysed in a sequential way. 
The approach used in conducting the independent analysis of the fragments is based on 
the methodology known as OFDA. The diameter is determined at an interval of about 40 
μm. The modified methodology is accomplished using a single fibre analyser (SIFAN) 
[149, 151]. Wool with a uniform FDP is considered to be of a high quality.   
 
There is a strong relationship between CV of a single fibre diameter and strength of the 
fibre. CV of the diameter can be assumed to be independent of mean fibre diameter for 
Merino wools. Further, the CV of single fibre diameter offers valuable information in 
regard to variability of single fibre diameter. It facilitates measuring of relative spread of 
single fibre diameter around the mean which is normally expressed as a percentage. The 
lower the CV the more uniform the diameters of single fibre are. The lower the CV values 
the less variation in the deployed sample [166]. It is important for the researcher to focus 
on the effect of fibre length on properties of the yarn to better understand means of 
enhancing quality of resultant yarns.     
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2.3.3 Fibre length and its effect on yarn properties 
A fibre length of the wool is one of the important factors used to determine the overall 
value as well as the quality of the fibre [142, 162, 167]. Fibres with an ideal length are 
useful for producing better quality textile materials, such as yarns. Normally, there is high 
variability in fibre length. The purpose of determining the value of fibre length is to assess 
and indicate the processing performance of wool. In most cases, wool that has a long 
length is considered to be desirable in the market. Wool bearing long staple length tends 
to be more commercially desirable since they make it easier to spin. Short staple wools 
result in surface fuzzing [168-170].  
 
The fibre length mainly affects yarn quality. With an increase in the mean fibre length, 
the worsted yarn breaking strength and elongation appear to be improved [15, 16]. This 
will depend on the yarn linear density as well as the twist factors. A consistent influence 
of length and evenness on tenacity has been observed [15, 16]. Tenacity is also dependent 
on the simultaneous changes in fibre diameter and length [13].  
 
When the mean fibre length is increased, it also tends to have a beneficial impact on the 
yarn evenness and the frequencies of thin and thick places [10, 15, 171]. In rotor spinning, 
it can be observed that the longer fibres will produce more extensible, stronger and leaner 
yarns, although the effect is smaller than for ring yarns [7].  
 
An increase in fibre length generally reduces yarn hairiness. Fibre length also has some 
effect on yarn thickness, as short fibres producing thick (bulky) yarn [15]. There is an 
estimated linear reduction in ends-down with a rise in length over a 57 to 71 mm range, 
although the bundle strength was disregarded [15]. Spinning ends-down can be 
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anticipated to rise rapidly at mean fibre length below 55 to 60 mm since such wool is 
becoming too short for fibre control on the worsted system. The subsequent section will 
offer details concerning how fibre length distribution affects yarn properties.   
2.3.4 The distribution of fibre length and its effect on yarn properties 
A rise in fibre length variations was found to have a slightly beneficial effect on spinning 
performance and yarn quality [172]. As the length variation contributes to the shuffling 
of fibres in the drafting system, it is conceivable that a higher fibre length variations will 
result in a more even roving. It also results in better elimination of the residual roving 
unevenness, providing a slightly more even yarn. However, other study summarised that 
fibre length variations did not have independent effects [173]. A regression fit for the 
index of irregularity showed only a statistically non-significant effect of fibre length 
variations [15]. The evenness was detected to reduce by less than 0.1 in 20 when fibre 
length variations rose from 30% to 50%. The helical structure model of yarn suggested 
that a majority of shorter fibres will not lead to stronger yarn. As a result, there was 
reduction in yarn strength with increase in fibre length variations by 3% [173]. In most 
cases, the large fibre length variations were correlated with high short fibre content and 
short fibre length [174].  
 
After understanding the importance of fibre properties and their influence on the resultant 
yarn properties in this section, this knowledge is used to discuss the theories behind of the 
Sirolan-YarnspecTM software in the next section. Therefore, the section below will focus 
on various theoretical backgrounds that are related to the topic of interest. Focusing on 
the theories will provide a solid background in regard to the topic of interest.  
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2.4 Theoretical background of SIROLAN-YARNSPECTM software 
Sirolan-YarnspecTM software was developed by CSIRO scientists in 1996, which is widely 
used to predict spinning performance and yarn properties [5]. The aim of this software is 
to predict achievement in a modern mill when using a specific wool top for producing 
yarn in the particular spinning conditions. Sirolan-YarnspecTM combines algorithms and 
theory from experimental data. Changes in yarn properties can be predicted from the 
changes in fibre properties by the software. 
 
The spinning prediction has three components: yarn strength, yarn unevenness and 
spinning ends-down. Yarn unevenness has an important effect on spinning performance 
and yarn strength. Yarn unevenness is determined by fibre length and the number of fibres 
in the yarn cross-section. Yarn strength is dependent on fibre length, fibre diameter, fibre 
bundle strength, inter-fibre friction, fibre migration, yarn unevenness and yarn twist. 
Spinning tension and yarn dynamic strength determine spinning ends-down. The 
prediction of ends-down is difficult, it is dependent on an accurate prediction of yarn 
unevenness and strength. Three models for prediction of yarn unevenness, yarn strength 
and ends-down have been considered [6, 175, 176]. 
2.4.1 Yarn unevenness theoretical model 
In drafting theory, the total relative variance (the square of the coefficient of variation) of 
















The number of fibres in the yarn cross-section is calculated as follows [8]: 
 
𝐶𝑉𝑀𝑎𝑟𝑡𝑖𝑛𝑑𝑎𝑙𝑒 = 100 ×










 𝑁𝑢𝑚𝑏𝑒𝑟 (𝑁) = 𝑌𝐶𝑇 × 972/((0.0001 × 𝐶𝑉𝐷





where d is a spinning draft, n is the number of fibres in yarn cross section, MFD is a mean 
fibre diameter, CVD is a coefficient of variation of fibre diameter and YCT is a yarn count 
in tex.  
 
The model tends to revolve around the irregularities of the yarn and developing a formula 
that is used to address the issue of irregularity. The theory offers a vital foundation for 
yarn unevenness. The model was proposed in 1941 by Ishikawa to show the variation in 
the number of fibres existing between back and front rollers. The fibres were categorized 
into three groups; slow moving fibres, fast moving fibres and floating fibres [177].        
 
To establish the optimal (ideal) unevenness, the Martindale formula is used [8] where the 
ideal variance remains the key element that is responsible for nearly three-quarters of the 
total variance. From the formula, it is evident that ideal unevenness happens due to the 
random distribution of the fibres when undergoing the drafting. The above formula is 
dependent mainly on the total count of fibres in the yarn cross-section and the variation 
in fibre diameter. There is the roving variance which is the input element of the total 
variance and is mainly as a result of top quality, the settings of the drawing machine and 
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the type of lubricant used. Its effect is relatively small and it is responsible for a tenth of 
the sum variance. The non-ideal drafting creates the non-ideal variance in the spinning-
drafting zone and is associated with several other factors including fibre length, roller-
setting, spinning draft, inter-fibre friction and quality of a spinning machine [8, 177]. This 
component is often responsible for the 15% to 25% of the total variance. The significance 
of this component often increases as the yarn linear density increases. Additionally, non-
ideal unevenness is essential to predict the sum unevenness. Fibre length, possible crimp 
and machine quality are reflected in the component. Yarn can be made even by either 
improving the quality of roving or by reducing the non-ideal unevenness. A case in point 
is the optimisation of the spinning draft and the roller setting. For one to predict the non-
ideal unevenness it is necessary to properly comprehend the process and the logistics of 
non-ideal drafting. Usually, the non-ideal drafting is largely composed of:  
- Sliver elasticity that entails erratic sliver elongation. Sliver elasticity accounts for just a 
meagre degree of drafting irregularity within the contemporary spinning structures [178]. 
- Roller eccentricity is the device that has a small impact on the irregularity of the yarn. 
- There are floating fibres that are not gripped by either front or back rollers and are 
believed to be the reason for the additional irregularity in the resultant yarn [177, 179, 
180].  
 
The manner in which movements of floating fibres are regulated in the apron drafting 
system has been further studied [180]. The extra variance during spinning drafting is 
caused by the dynamic movement of floating fibres.  
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2.4.2 Yarn tenacity theoretical model 
The intrinsic yarn strength can be determined by the use of an improved yarn heliacal 
structure (model) that follows Hearle’s theory [13]. According to the model, fibre length, 
diameter, twist, friction and migration of the fibre determine the structure and the strength 
of the yarn. According to Hearle’s theory and experiments, the tenacity of yarn varies 
proportionally to the tenacity of the fibre [13]. For instance, if the fibre tenacity doubles, 
the yarn tenacity doubles too. The fibre tenacity strongly correlates to its diameter and 
length; however, it is hard to determine the effect of fibre tenacity by using diameter and 
length. Further, the model covers some key parameters, such as wool fibre, core spun yarn 
and spandex. The model is therefore valuable in predicting the stress-strain behaviour of 
wool and yarn. The length of a fibre can affect its strength through slippage that is known 
as the “slippage effect”. In a staple, fibres are gripped by the adjacent fibres because of 
generated transverse forces in the yarn. This means that the central length of fibre is fully 
gripped by its adjacent fibre and therefore, contributes to the strength of the yarn, while 
the end fibres make no contribution to the strength of the fibre and hence, the fibre ends 
make a negative contribution to the strength of the yarn [13]. In relation to this, as the 
length of the fibre increases, the portion of the fibre ends involved in slippage is reduced, 
resulting in an increase in the strength of the yarn.  
 
Yarn twist is also another determinant factor of the yarn strength, as pointed out in 
Hearle’s theory, twist and fibre migration are the only reasons why short fibres hold 
together as yarn. An increase in the twist of a yarn will increase its strength but only to a 
certain maximum strength where later the strength falls after reaching the maximum point. 
The increase in strength is because as twist increases in the yarn the transverse force 
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increases, which increases the inter-fibre friction to strengthen the yarn. The falling of 
tenacity at high twist levels is because of the fibre obliquity effect [13].  
 
Weak-link theory has been adopted to determine the effect of yarn unevenness on its 
strength in accordance with the Spencer-Smith’s model [12]. The model explains that the 
linear dependence of a yarn's tenacity on yarn unevenness is given by the following 
equation:  
 







where, YT1 is the result of the increase in the yarn strength. The validity of this model has 
been shown in computer simulation, where the yarn strength is assumed to be proportional 
to the thinnest part of any specific length [12]. From the equation, it is noted that intrinsic 
strength is always higher than the yarn strength. The strength of the yarn is determined by 
the unevenness of the yarn. This is because an increase in the length of fibre not only 
increases the intrinsic fibre strength but also improves the evenness of the yarn. The 
subsequent section will focus on an additional theoretical model that is Ends-down (Ends-
down per 1000 spindle hours) (EDMSH) theoretical model.   
 
2.4.3 Ends-down (EDMSH) theoretical model 
Spinning ends-down is one of the most important determinants of a spinning mill’s costs 
and yarn quality. High ends-down causes low efficiency in spinning, winding and 
weaving and excessive faults in fabric. The acceptable ends-down rate in high labour cost 




The rate of spinning ends-down can be related to many possible factors, e. g. roving 
quality, drafting system, twisting and winding system, yarn count and twist, piecing 
during drawing, machine maintenance and mill conditions. However, for a well-
maintained mill with an optimum machine setting the causes of ends-down are limited. 
The mechanism of ends-down is very simple: it solely depends on the relative magnitudes 
of yarn strength and spinning tension. If the tension exceeds the yarn strength, then end-
down occurs. Because tension and yarn strength vary with time, ends-down is expected 
to be related to both the mean variation of tension and yarn strength. To predict ends-
down the fundamental task is to have a good yarn strength prediction model and to have 
a clear understanding of the mechanisms of spinning tension.  
 
Yarn strength during spinning is different from the static strength because the twist is not 
fully inserted into the yarn in the zone where the fibres emerge from the front rollers. This 
strength is called dynamic strength which is always weaker than the static strength 
because of low twist. Due to the low strength, most spinning ends-down occur in this area 
although the yarn dynamic strength is primarily determined by yarn static strength [181, 
182].  
 
Spinning tension is a function of winding speed, traveller mass, ring size, winding angle, 
friction between ring and traveller and yarn linear density. The spinning tension in the 
balloon is derived from winding tension and the main source of winding tension is friction 
between the traveller and ring [183]. For an efficient fabrication rate and a firm bobbin 
package, a certain tension is necessary. The effect of air drag, although small compared 
with ring-traveller friction, also needs to be taken into account in ring spinning. Similar 
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to ring-traveller friction, air drag plays a useful part in ring spinning. An increase in air 
drag allows ring-traveller friction to be reduced by allowing a light traveller to be used 
for the same total winding tension which reduces wear on the ring [183]. One important 
parameter in determining air drag is the maximum balloon radius. Analysis has shown 
that this parameter is mainly determined by yarn linear density and ring radius. Spinning 
tension varies periodically with time. Tension variations travel as a mechanical wave 
along the yarn and can be caused by many factors, e. g. variations in balloon height and 
package radius [181], variation in spindle speed, spindle vibration, non-levelling of the 
ring rail [181, 182]. Generally, the size of the variations of tension is determined by 
spinning speed and yarn tex [181-183]. Because ends-down happen whenever the tension 
is greater than the yarn strength, the tension variation is important for the rate of ends-
down. In other words, larger tension variation will cause higher ends-down. To calculate 
ends-down, the key is to predict its probability. The ends-down probability is simply 
related to both yarn dynamic strength and tension.  
 
Fibre length is another effective factor on spinning ends-down. It has been observed that 
as fibre length decreases ends-down rapidly increases [183]. Fibre length effect is more 
important at the short fibre. This means that if the fibre length is less than 65 mm spinning 
ends-down increases strongly. Additionally, the fibre length effect depends on yarn twist. 
For high twist yarn, the fibre length effect is relatively small. Twist is vital towards 
offering minimum coherence between fibres. The ends-down also increases dramatically 




Yarn twist also has an important effect on ends-down. As twist decreases, ends-down 
increases rapidly, in particular, for finer count yarns. It has been shown earlier that twist 
affects yarn strength. As twist is further increased yarn strength and ends-down decrease 
due to the fibre obliquity effect. It is imperative to provide an understanding of existing 
ways of altering fibre diameter and length in the next section. This will present relevant 
insights. 
2.5 Existing ways of changing fibre diameter and length 
Wool contributes about 17 % of the total material that is used in the production of apparel 
in the world, but this percentage has reduced in the recent decades. This decrease in the 
application of wool implies that the stakeholders need to introduce novel and new 
products to the wearers in order to sustain and increase the wool market. This goal may 
be achieved by producing wool with superior properties. It has encouraged researchers 
over several decades to undertake some approaches of changing fibre length and diameter, 
such as animal breeding selection programs and fibre stretching to achieve an optimum 
combination of fibre length and diameter for improving the quality of the resultant yarns 
and fabrics. 
2.5.1 Animal breeding 
There has been an increase in demand for fine wool. These finer wools attract a higher 
premium than the ordinary ones. In Australia, this demand signal manifests in the form of 
high selection of wool with the finest diameter. This trend is confirmed by the fact that 
efforts have been put to breed Merino sheep that can produce the finest wool [184]. The 
sheep strain replacement and upgrading practices are also common in farms that intend to 
62 
 
reduce the fibre diameter from the medium and strong strains of Merino sheep [17]. 
Studies have been conducted to determine whether there exist some relationships between 
the quality of wool and the genetic composition of the sheep [185, 186]. The findings 
indicated that markers genes or rather adequate knowledge of gene effects can be useful 
towards identification of sheep with desired wool traits. Identification of genetic variation 
in important fibre traits facilitates development of gene-marker tests that helps in breeding 
of consistent wool [185].       
 
Most of the traits that determine the quality as well as the economic viability of fibre are 
influenced by multiple genes loci and the environment [186]. However, most of these 
traits are either interrelated or interact in different ways. These interactions may be 
positive or negative. In addition, most of the genes that code for proteins forming wool 
are linked to each other. This linkage complicates the process of dissecting the influence 
that individual genes have on the overall features of wool. It has also indicated that the 
extensive polymorphism that occurs in the genes affects the wool traits through the 
alteration of the process of protein expression, overall structure, and post-translational 
modifications [186]. Moreover, variations in the number of genes, as well as loci, have 
been shown to influence different fibre traits, especially fibre length and diameter  [185, 
186]. 
 
The traits of the fibre determine the overall processing performance. This performance is 
influenced by the specific qualities of the fibre, including the length, diameter, and their 
variation between and along fibres. The fleece weight is the most important factor that 
has an economic value. However, the mean fibre diameter has historically been 
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considered as the primary determinant of the market price or the premium of wool [17]. 
This is common in Merino wool as well as the mid-micron fibres since the diameter serves 
as the key indicator of their softness and lightness. These qualities determine the overall 
quality as well as the price premium of the resultant yarn.  
 
The candidate gene method was applied to determine the relationship that exists between 
fibre diameter and the high-glycine-tyrosine keratin gene loci in the Peppin Merino half-
sib [187]. The results of this approach indicated that the progeny groups that were 
obtained from the sire heterozygous for the KRTAP6 gene had a mean difference of 3.8 
microns in fibre diameter. The gene is present within two places in wool i.e. the cuticle 
and the cortex. The results showed that there exists an association between fibre diameter 
and the KRTAP8 gene. The findings revealed that KRTAP8 gene has important role in 
wool and fibre structure [7]. Other findings indicated that there exist some associations 
between the positions of a gene on a chromosome (locus) and differences in the weight of 
the fleece [188]. Moreover, it is estimated that the mean fibre diameter and the fleece 
weight reaches a plateau at about 3-4 years of the animals’ age. The staple length, on the 
other hand, starts to decrease after the first year of age of the animal [189, 190]. Therefore, 
the fibre length is influenced by shearing time (if the effects of nutrition, genetic, 
environment and farm management are held constant).    
 
In most cases, diameter is quoted as average value that obscures inherent variation along 
and between single wool fibres. Research has shown that about two-thirds of the total 
variation are related to along and between fibre variation [191]. The findings also revealed 
that there is a positive genetic correlation between body weight and degree of maturity at 
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the same age. The within-fibre diameter difference is estimated to be between two to ten 
times than the between fibre diameter variation [191, 192]. These variations are 
determined by different factors, including the management practices applied in the farms 
and the environmental effects. The findings suggested that genetic diversity can affect 
fibre structure and thus variation in the genes impacts variation in wool traits, such as 
diameter [187]. Thus, the genetic control of fibre diameter variation becomes complex.  
 
Therefore, the process of identifying the specific genes that determine the specific traits 
of the wool is quite time-consuming, difficult, and expensive. For example, there is an 
antagonistic relationship between the two important traits, including the mean fibre 
diameter and the clean fleece weight. It is difficult to achieve a simultaneous enhancement 
in both fibre diameter and clean fleece weight. In addition, different breeding objectives 
are necessary since there is a huge variation in fibre diameter between and across different 
age groups appropriately [185, 186]. The findings revealed that the discovery of genetic 
differences is beneficial to fibre properties as it would facilitate development of gene-
maker test that would allow breeding of consistent wool. It can also be used to identify 
sheep that possesses desirable wool characteristics, such as reduced fibre diameter [185]. 
Changing fibre diameter and length through animal breeding takes a rather long time. It 
is therefore paramount to consider alternative means of changing fibre length and 
diameter, such as dehairing and stretching.  
 
2.5.2. Dehairing 
Cashmere goats have hair coverings that consist of coarse guard hair. Guard hair protects 
cashmere goats from the harsh environment. The undercoat, fine down cashmere is an 
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insulating layer. Cashmere is the most valuable part of a fleece. The presence of guard 
hair in the fabrics is unpleasant and leads to a tingling sensation when wearing cashmere 
sweaters next to the skin. Processing cashmere is considered to be difficult due to the 
presence of both fine cashmere and coarse hair in the fleece. The coarse guard hair should 
be separated from the undercoat of fine cashmere by a process called dehairing (either 
mechanically or rarely by hand) after carding [193]. Dehairing is done by the process of 
a modified carding, employing suction devices, breaking, blowing and cutting. Gilling 
and combing stages then produce cashmere top from the dehaired carded cashmere. The 
approach also ensures that large impurities are removed in order to enhance the quality of 
cashmere. Some fibre variables might be affected during dehairing such as fibre length 
and diameter. For example, mean fibre diameter can be reduced by 1.5 μm after dehairing 
[194]. Spinning the finest yarn is dependent largely upon the cashmere fibre diameter 
which is related to the number of fibres in the yarn cross-section [194, 195]. Chinese and 
Mongolian cashmere fibres are mainly used to make high-quality sweaters due to low hair 
content (less than 1%). However, Iranian and Afghanistan cashmere fibres usually have a 
hair content of approximately 3%. Thus, the dehairing approach is highly feasible in 
cashmere since it facilitates removal of guard hair. Nevertheless, it is not applicable in 
wool processing since wool does not have guard hair [196, 197].  
2.5.3 Stretching approach  
Stretching the material is currently considered as an alternative approach to improve the 
quality of yarn products that are offered in the market. The microfibrils of the unstretched 
wool fibres have an α-helical structure in the cortical cells. Stretching of wool fibres up 
to 50% in water or 100% in steam leads to gradual and reversible transformation of the 
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fibrous proteins from an α-keratin crystalline form to a predominantly β-pleated sheet 
configuration [198, 199]. The beginning of α-β transformation occurs at 20-30% 
extension in a wet state. A significant transformation happens in the 30-50% extension 
range in water when the wool fibre is stretched. The secondary structure transformation 
has also been revealed by the analysis of the regions of amide I, III, and C - C vibration 
bands. The dominant α-β transformation occurs in the treated wool fibre with sodium 
bisulfite when having an 80% extension at a low stretching rate. The transformation 
proceeded more slowly at a high relative humidity than at a low relative humidity [198, 
199].  
 
The British patent (number 1,189,994) [200] provides an example of the fibre stretching 
approach. Under this technique, an untwisted assembly of fibres is made to pass through 
a unique array of grip devices that are alternately oppositely and laterally moving. These 
grip devices are placed a distance of between 50 mm and 70 mm apart. However, a 
treatment machine with a length of 30-40 m is needed in order to ensure that a residence 
time is adequate to facilitate a successful fibre stretching. On the other hand, another 
technique was focused on the mechanisation of the process that could be used to stretch 
the cotton fibre [197, 201]. The apparatus has a set of drive rollers that were closely 
spaced, with their diameters increasing gradually. The apparatus had idler rollers that were 
put on its top. The roving was allowed to pass over the top rollers and under the bottom 
ones. Although the same apparatus could be adopted to facilitate the stretching of wool, 
manufacturers would require a lot of rollers in order to attain the required residence time 




The British patent (number 1,196,419) [202] made a proposal indicating that a sliver could 
be stretched by inserting the twist into the staple fibres. Manufacturers can avoid drafting 
of the sliver and facilitate stretching of the target fibres because the twist raises the level 
of frictional engagement. The apparatus, as well as the approach proposed by the patent, 
required the application of devices that could help the processors insert the actual twists 
in the upstream of the stretch arrangement. This arrangement has two extending pairs of 
rollers that are extended in a longitudinal manner. The twisted sliver is then twisted around 
the roller and passed through an untwisting device that is located on the downstream side 
of the arrangement. A complex arrangement of machines is required in order to achieve 
the twist insertion and removal rates. The twist insertion and removal rates are always 
different under the arrangements proposed in the patent. Processors may also limit the 
apparatus to the batch mode during the insertion of a real twist. The automation of this 
type of batch processing is quite conceivable, but it would require the application of more 
complex machinery, especially at the input point. This heavy investment would limit the 
commercial viability of the overall process. The patent also revealed that a high twist 
factor is required for performing the method. The sliver might be snapped at such a high 
twist factor when stretched. The breaking strength of fibres declines as the twist factor is 
increased. Thus, such highly twisted slivers would be prone to self-entanglement and 
difficult to control. Contrary to this, The U.S. patent (number 5,477,669) [19] (The 
Optim™ fine fibre) indicates that the natural fibre could be stretched in order to achieve 
the desired level of reduction in fibre diameter. This stretching is achieved through a series 
of steps. Untwisted natural fibre is treated with reducing agent in order to plasticize it. 
The α-keratin is a crystalline protein which is cross-linked with disulphide bonds from 
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cysteine. Chemical treatment of the wool fibre can affect the physical properties of wool 
fibre by cleaving the crosslinks which bridge peptide chains whilst water breaks a number 
of the hydrogen bonds in fibre. The peptide chains have more mobility by cleavage of the 
disulphide bonds which makes it easier to stretch fibre. The treated fibre is then twisted 
and set the stretch in a manner that reduces the chances of drafting during the subsequent 
process of stretching. Some modifications achieved using the stretching method are an 
increase in the length, a decline in the size of the diameter, and the modification of lustre 
[20, 197]. However, the application of chemicals has been considered as a degradative 
approach and it often results in the loss of substantial material. Modification of wool 
through introduction of chemicals can result in deterioration of intrinsic properties of the 
fibre [20]. Although the fineness of the fibre can be achieved using chemicals, it is 
estimated that its decrease by one micron accounts for up to 10 % loss of fibre [197]. This 
process requires a low twist factor and less complexity of machinery. However, the value 
of the critical strain is affected by factors such as water and chemical solutions in this 
process. Breaking extension increases whilst stress at break decreases as fibre goes from 
dry to completely wet and ultimately damaging the fibre permanently.  
 
Therefore, the modulus decreases approximately three times as the fibre wets [203, 204]. 
Additionally, the low ratios of stretching cause an increased distance between cuticle 
scales. By increasing the ratio of stretching the edges of scales start to lift gradually. Some 
cracks appear between the cortex and cuticle which is caused by the slippage between the 
molecules after increasing the stretching ratio more than 60%. Finally, the cuticle scales 
are lifted and flaked off which lead to further surface damage [22, 205, 206]. Once some 
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of the existing ways of changing fibre diameter and length are discussed it will be 
important to focus on the physical separation approaches in the next subsection.  
2.5.4 Existing physical separation approaches  
In this section, some existing physical ways of changing fibre properties such as fibre 
fractionation and blending methods are discussed. The production of high-quality yarn 
requires an ideal combination of fibre length and diameter. Alternative ways of changing 
length and diameter simultaneously, using animal breeding programs, mechanical and 
chemical treatments have been studied. However, the above-mentioned methods have 
some limitations as explained in previous sections. Consequently, there is a need to 
develop a method to achieve a fibre with premium combination of length and diameter 
without any chemical damage.  
 
2.5.4.1 Hydrocyclone (Cyclone) fractionation process 
 
Hydrocyclone is a device to separate particles in a liquid suspension [207]. Hydrocyclone 
has a system of winds rotating inwards to an area of low barometric pressure, with an 
anticlockwise or clockwise circulation [208].  
 
Hydrocyclones, known as centrifugal cleaners, were widely used in mining industries to 
separate solid particles. They also were widely used in paper and pulp industries to remove 
undesirable particles or pulp fibres from pulp suspensions. In addition, they were used to 
classify and separate pulp fibres into fractions based on fibre properties such fibre length, 
fineness and specific surface [209]. In cotton ginning industry, cyclones were used to 
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separate lint fibres from trash and dust [210]. The operation of the mechanism of both 
hydrocyclones and cyclones were similar except that in hydrocyclones, liquid was used. 
 
In general, a hydrocyclone consists of a cylindrical section followed by a conical section. 
However, some hydrocyclones were used as cleaners just consisting of a conical section. 
There were two exits in a hydrocyclone; an upper exit which was called overflow exit (or 
accepts) and a bottom exit called underflow exit (or rejects) [211].   
 
In a hydrocyclone, slurry entered through a tangential inlet, giving rise to a vortex in the 
stationary body. The particles and fluid-flow were accelerated centrifugally and 
separation occurred in the radial direction. Denser materials migrated to the outer wall of 
the hydrocyclone chamber, while less dense materials moved toward the inner axis. Flow 
in the cyclone cylinder was characterised by two vortices that flow in opposite directions. 
Denser flow tends to travel along the primary vortex to the underflow and less dense 
material travels along the secondary vortex in the opposite direction to the overflow [211]. 
 
Hydrocyclones or cyclones are not suitable for animal fibre fractionation especially wool 
fibres, because animal fibre structure changes in a liquid suspension as well as their 
existing crimps and grease can result in fibre entanglements and make it impossible to 
separate fibres based on their length. Nonetheless, the approach is highly associated with 
surface roughness as well as drainage resistance of the fibre. This is an indication that the 
approach is to some extent problematic when it comes to separation of fibres [212]. It will 
also be important to focus on another physical separation approach, such as electrostatic 




2.5.4.2 Electrostatic charges fractionation processes 
 
Several patents proposed to separate cotton fibres based on length [213-222] using 
electrostatic charges fractionation process which either comprises stationary or rotating 
devices. The patent (3341007 A) [213] reported the invention relates to an apparatus for 
electrostatically aligning fibres and removing short fibres from cotton lint in order to omit 
a combing process for cotton fibres. The apparatus comprised a suitable means for 
introducing loose masses of relatively partially individualised fibres into an electrostatic 
field which having non-uniform potential gradient produced by specially positioned 
electrodes. On the other hand, The patent (3346110 A) [214] presented apparatus for 
fractionating loose masses of relatively disoriented fibres into different length groups 
comprised electrode members angularly positioned with means for transporting the fibres 
interposed between the two electrodes. One of the electrodes was curved and the other 
was essentially flat. It was characteristic of the two electrodes that the edges of the 
electrodes having the maximum potential gradient between them were parallel and the 
two edges having the minimum potential gradient between them were also parallel. 
 
The patent (US 3308944 A) [215] introduced the invention related to the separation of a 
mixture of wool and non-wool fibres. The invention consisted of a process for the 
separation of a mixture of fibres comprised the steps of dispersing the fibres in a stream 
of air, simultaneously electrostatically charging at least some of the fibres, and separating 
the different fibres in the mixture in an electrostatic field. In contrary to this patent, The 
patent (US 3341008 A) [216] offered the invention of an apparatus comprised a suitable 
means for uniformly feeding loose masses of relatively untangled partially individualised 
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fibres into a fractionating chamber. This comprised an outer stationary conductive 
electrode and a rotating, inner cylindrical electrode between which the fibres were further 
individualised. For fractionating fibres into two length-groups, one with fibres longer than 
a predetermined length, and one with fibres shorter than that length, only one doffing roll 
was required. 
 
The patent (US 3329264 A) [217] reported an invention based on the electrostatic field of 
a grounded screen. Both sides of the grounded screen were free of the electrostatic field. 
Fibre flocks were observed in an electrostatic field to jump from one condenser plate to 
the other, striking them with their longitudinal axes perpendicular to the condenser 
surfaces. This was constantly repeated between the oppositely charged plates. 
The invention presented by the patent (US 3349902 A) [218] related to the apparatus with 
an electrostatic field that is produced by rotating, parallel, cylindrical electrodes capable 
of fractionating masses of fibres at an unexpectedly rapid rate. The present apparatus 
comprises any suitable means for feeding loose masses of relatively untangled, 
individualised fibres into an electrostatic field having both uniform and non-uniform 
potential gradients produced by specially positioned electrodes. On the other hand, a 
device for removing short fibres from a mass of fibres is presented by the patent (US 
4827574 A) [219]. A pair of perforated cylindrical bodies is opposed to each other with a 
predetermined spacing defined between them, and then static electricity is applied across 
the perforated cylindrical bodies. A suction-wise removing device is installed in at least 




An improved carding machine for high voltage short fibre removal is introduced by the 
patent (US 5432980 A) [221]. The mechanism utilises a number of rollers arranged in a 
semicircular configuration positioned near the pylon roller in order to shorten the distance 
between the last of the short fibre removal mechanisms and the pylon roller.  
 
A system utilises a high voltage field produced axially across long and short fibres, 
wherein the debris removal function differs in that a vacuum device is utilised to remove 
the short fibres and debris is presented by the patent (US 5327617 A) [220]. The entire 
device is installed at the front of the carding machine, while the originally installed doffer 
and stranding equipment are removed.  
 
A high-voltage electrostatic short fibre separator comprising a pair of conveying belts 
which are arranged in parallel and horizontally, wherein the gap between the pair of 
conveying belts is a separation area and a discharge port and a feed port are formed in two 
ends of the separation area respectively is disclosed by the patent (CN 103706482 A) 
[222]. The two conveying belts are connected with positive and negative electrodes of a 
high-voltage electrostatic generator and are provided with a plurality of separation holes.  
 
Additionally, an electrostatic opening and short fibre separation apparatus are reported by 
the patent (US 5327617 A) [220] for carding machines making use of a high voltage 
electrostatic field, which produces different forces on filaments, short fibres, and dust, in 
cooperation with a plurality of suction devices to separate short fibre. The apparatus is to 
be installed in front of a carding cylinder where a doffer and a sliver-forming mechanism 
have been removed. By means of a specially designed stripping roller, fibres are stripped 
from the cylinder and float across the electric field due to the attraction of suction devices.  
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Therefore, the main objective of the proposed methods is to separate short cotton fibres 
from long fibres in order to eliminate the combing process. Nevertheless, the methods are 
very distinct and do not bear any notable similarities.  In these methods, loose masses of 
relatively untangled partially individualised fibres are fed into a fractionating chamber in 
which the fibres are electrostatically aligned and subsequently separated into fractions 
having specific lengths. It was shown that in some methods, a fractionating chamber 
comprising an outer stationary conductive electrode and a rotating, inner cylindrical 
electrode between which the fibres are further individualised and aligned was utilised.  
 
To date, only few studies utilised electrostatic methods on long-staple carding machines 
[223, 224]. In particular, Hsing and Kao [223] mounted an electrode panel between 
cylinder and doffer of a nonwoven carding machine in order to create a random fibre 
arrangement. The fibres moving from cylinder to the doffer on the conventional carding 
machine are stripped by the doffer comb and thus a nonwoven web is obtained. When the 
fibres are going to transfer from cylinder to the doffer, the fibre arrangement in the web 
is parallel to the machine direction. However, once the electrode panel is used, it would 
change the fibre arrangement into the random orientation. The fibres are then stripped off 
by the doffer comb and a nonwoven web with a random fibre arrangement is formed. On 
the other hand, static electricity was applied [224] to the carding machine in order to 
improve fibre loading, and hence increase the carding performance and fibre web 
uniformity. The electrostatic induction devices are installed to the worker roller which 
allows fibre polarisation to be formed when they pass through the carding area. The 
electrostatic force of the worker roller could change the fibre arrangement remaining on 
the cylinder and assists the carding action of the clothing wire. Therefore, it was also 
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indicated that in some recently developed methods, a simplified fractionating process is 
presented and the fractionating device can be easily retrofitted into the delivery section of 
the carding machine and thus short fibres are effectively removed. In addition, in some 
recent reports electrostatic devices are utilised on long-staple carding machines in order 
to create a random or a uniform fibre arrangement into the nonwoven web. 
 
Nevertheless, in electrostatic method on long-staple carding machines [223, 224], a 
stationary curved electrode together with a flat surface electrode is used and hence a non-
uniform electrostatic field is utilised in order to fractionate fibres into the different groups 
in lengths. The potential gradient across the two electrodes linearly changes in reverse 
proportion to the distance between the electrodes. However, short fibres tend to remain in 
a place of less electrostatic field intensity for a long period of time and short fibres 
lingering between the electrodes gather together and are connected in long-fibre form, 
sometimes moving toward long fibres. Thus, there is a problem that the efficiency of 
removal of short fibres is not good. In order to overcome this problem, other methods 
such as using rotating, parallel cylindrical electrodes are developed in which an 
electrostatic field having both uniform and non-uniform potential gradients are produced. 
 
It can be concluded that none of the above-mentioned separation methods is applicable to 
fractionate wool fibres over a given length because of the existing crimp and grease in 
fibre, which results in fibre entanglements and makes it impossible to be separated 
properly. The next subsection will focus on blending approach as means of enhancing 
fibre characteristics.  
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2.5.5 Blending approach 
An essential aspect of the fibre-to-yarn production process is the quality of the resulting 
yarn. Yarn with optimal characteristics produces good quality fabric. Historically, people 
mixed synthetic and natural fibres to come up with good quality textile products. The 
blending process involves integrating two or several fibre masses to create a mixture, 
which improves fibre characteristics such as reduction in fibre diameter variation [225, 
226]. Over the years, the blending procedure employed strong changes that include 
increasing the use of modern manufactured fibres, utilising different ginning and 
harvesting operations, and reducing processes needed in the new machinery [227]. These 
changes enabled the process to be successful. Additionally, some distinct reasons relate 
to blending [228]. Firstly, blending entails benefiting from the different fibre pricings 
linked to either fineness or grade. Blends may become cheaper than using only one fibre 
type with a high price. Single fibre type generally possesses similar regular properties, 
specifically natural fibres such as cotton and wool. Secondly, it aims to correct defects. 
Blending fibres can integrate the attractive characteristics of different fibres and ensure 
an increase in quality, and also reduce the fibre characteristic variations to ensure the 
production of a homogeneous roving or sliver. For instance, wool’s wear resistance often 
undergoes improvement when blended with nylon [229]. Similarly, the polyester fibre 
material’s low water-absorption property can be improved when combined with either 
rayon or cotton [230]. In addition, a mixture of alpaca and wool aims to have a unique 
softness of fabric [64]. Thirdly, blending involves the establishment of contemporary and 
more anticipated effects. A wide range of fibres has certain characteristics when utilised 
appropriately, which can generate special and modern realisations and offer consistent 
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fibre supplies of similar quality to mill machinery. Whenever any two fibres are merged, 
they contribute both advantageous and detrimental properties in accordance with the 
reason for blending [231]. The individual attributes attract either a small or a massive 
effect associated with the component’s blend properties. If any knowledge exists 
concerning the necessities of both the fibre and ultimate product properties, one can 
succeed in determining the approximate ideal blending proportions. Neither the synthetic 
nor the natural fibres attract standard usage across a number of fields. The appropriate 
utilisation of these fibres only occurs if a blend happens; hence realising the much-needed 
characteristics that make a fibre effective for use.  
 
2.6 Conclusion 
The literature review chapter has given a background to the current understanding of the 
importance of physical properties of animal fibres that may influence the quality of 
resulting yarn. Particular references have been introduced on the existing ways of fibre 
length and diameter modification. It seems reasonable to derive from this chapter that 
despite the importance of fibre length and diameter for the yarn properties, very little has 
been studied on the simultaneous changes in fibre length and diameter that contribute to 
the properties of the resultant ring spun yarns. General agreement has been established 
that the properties of yarn rely on fibre diameter and are influenced by fibre length, but 
basic questions concerning the relationship of each yarn property with an ideal 
combination of fibre length and diameter, particularly the yarn unevenness, tenacity and 
spinning ends-down remain unanswered. Most previous reports focused on modifying 
fibre length and diameter using breeding programs and chemical treatments. However, 
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these existing ways showed some limitations as explained in this chapter. Thus, no 
treatment technique so far is available to change length and diameter of fibre without any 
chemical detrimental effects on the fibre structure and mechanical properties. Although 
there exist nowadays short fibre separation methods to change the average length and 
diameter of the fibre, none of these separation processes is feasible to fractionate pure 
wool fibres because of its low internal conductivity, high moisture regains as well as its 
grease and curvature that cause the fibres to tangle together and prevent separation. In this 
present study, particular emphasis has been placed on the better understanding of fibre 
length and diameter relationships for superfine animal fibres. Once the relationship is 
established for selected fibre types, the simulation of the effects of fibre fractionation and 
blending over given lengths on the average length and diameter of fibres will be modelled. 
Subsequently, changes in yarn properties will be predicted from the changes in fibre 
diameter and length. Finally, the optimal animal fibre length-diameter which results in 












CHAPTER 3: PHYSICAL AND MECHANICAL 
CHARACTERISTICS OF SUPERFINE ANIMAL FIBRES 
 
3.1 Introduction 
In general, the properties of a raw animal fibre (such as length, strength, and diameter) 
determine its price and the quality of the final product. To characterize the inherent 
variability of different properties of animal fibres, various mathematical models, 
including the Gaussian, Poisson, and gamma probability distributions, have been utilized 
[232-234]. In particular, it was found, that the diameter distributions obtained for animal 
fibres (such as wool) corresponded to lognormal functions [234, 235]. The length 
distribution obtained for wool fibre was changed from a bimodal to an even one [236]. 
The study conducted by Mayo [237] revealed that the diameter distribution of fine wool 
contained peaks and was positively skewed, while the diameter distribution of coarse wool 
was symmetrical [238]. In addition, Bow and Hansford (1994) have shown that different 
parameters of the wool diameter distribution (such as edge coarseness, skewness, and 
kurtosis) may be obtained from standard deviations or even means of the fibre diameters 
[239]. Gee (1985) has also revealed that the fibre diameter distribution of wool highly 
affected the processing performance, quality, and properties of the resulting fabric [240]. 
In other studies, the relationship between the fibre diameter variability and the wool 
quality has been established by Crook, 1992 and 1995) [241, 242]. 
 
It should be noted that the mean fibre diameter is essential for determining its worsted 
spinning performance and may also produce variations in fabric handle. Fine fibres are 
normally preferred over coarse ones, despite their entanglement and breakage as well as 
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the formation of neps during processing. The fibre diameter is also an essential factor 
since it affects the spinning process of high-quality worsted yarns. Rogan (1998) and 
Lamb (1994) investigated the effects produced by the diameter of the raw fibre on the 
properties of the resulting fabric [243, 244]. The fibre length is as important as the fibre 
diameter since it plays a critical role in determining the wool quality and processing 
performance. In particular, it highly affects the processing waste parameters, fibre 
breakage spinning performance, and spinning limit. The mean fibre length also 
determines the tensile strength, evenness, and hairiness of the produced yarn [245], while 
fibre processing often causes fibre breakages and reduction in the fibre length [246]. 
 
Various factors, such as fracture mechanism and geometrical irregularities, can affect the 
fibre tensile strength. In general, fibre fracture is initiated at defect points and 
subsequently grows, leading to the ultimate breakage of the material [232]. In contrast to 
uniform man-made fibres that contain primarily internal defects or flaws, luxury animal 
fibres (such as wool and cashmere) exhibit diameter disparities both inside and between 
individual fibres. Wool fibre fracture is caused by the crack growth initiated at points with 
flaws or high concentrations of local stress [233, 234]. Natural fibres can also break in 
regions with relatively small cross-sections [234]. Furthermore, both the fibre diameter 
variations and morphological defects affect the material tensile characteristics (especially 
for non-uniform fibres) [235, 236]. The weakest region usually corresponds to that with 
the smallest fibre diameter and/or internal flaws. After application of a local stress, the 
weakest region of the tested fibre fractures after reaching the breaking point, leading to 




The probability of material failure at different size scales can be described by the well-
known Weibull distribution model [247-249], which agrees very well with the weakest 
link theory (originally proposed by Pierce (1926) [247]) and has been widely used for 
determining the strength variations of geometrically uniform fibres (such as Nicalon SiC 
and ceramic ones) resulting from the presence of randomly distributed structural defects 
[250]. As the material size increases, its strength decreases due to the higher density of 
flaws. The effect of the fibre size on its strength can be determined using the 
Weibull/weakest-link model. However, significant discrepancies between the empirical 
strengths of irregular fibres and their strengths predicted using the conventional Weibull 
model were observed previously [251, 252]. In order to mitigate this problem, Zhang, et 
al (2002) reported a modified Weibull model, which incorporated the effect of fibre 
geometrical variations into the standard Weibull model [253]. The fibre strengths 
predicted by the modified Weibull model were in much better agreement with the 
empirical data as compared with the data predicted by the standard Weibull model [253]. 
Additionally, a modified Weibull/weakest-link statistical analysis was performed to 
quantify the strength variations of natural plant fibres such as bamboo, jute, sisal, curaua, 
coir, and piassava ones [254, 255]. While previous research have primarily focused on the 
well-known ’gauge length effect’, no study on the applicability of the Weibull model to 
irregular fibres with variable diameters at fixed gauge lengths have been reported. In this 
work, strength variations of irregular fibres with different diameters have been examined 
at constant fibre lengths. In particular, the effects of the distributional behaviour and 
variability of superfine animal fibre parameters (which included the fibre length, diameter, 
and density as well as the minimum fibre diameter (MinDiam) and fibre diameter 
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variation coefficient (CVD) predicted via the modified Weibull model) on the fibre 
strength were investigated. The obtained results can be used for separating fibres into 
different length groups and subsequent length blending, which will be discussed in the 
future studies. 
3.2 Materials and methods 
3.2.1 Preparation of superfine single-fibre samples 
Greasy staples of Australian superfine merino wool (ASFW) and Inner Mongolia 
Cashmere (IMC) were collected from the mid-side body positions of Australian superfine 
merino sheep and Inner Mongolia goats (their specifications are listed in Table 3-1). 
Representative IMC and ASFW mid-side samples (obtained from the areas behind the 
third ribs between the front and back legs) were selected to examine the relationship 
between the fibre diameter and length as well as the strength variations of fibre groups 
with different diameters. To remove impurities from the raw fibres and prevent their 
entanglement, the greasy staples were thoroughly cleaned with pure ethanol (instead of 
water) and then conditioned for 24 h at a standard condition, temperature of 20±2 °C, and 
humidity of 65±2%. As a result, a total of 2500 single wool fibres and 2500 cashmere 
fibres were selected randomly from each staple and prepared for subsequent testing. 
Table 3-1 Basic properties of the studied 
fibres 
IMC ASFW Fibre property 
16.5 15.4 MFD (µm) 
81.5 119.9 Cur (o/mm) 
60.8 84.0 MFL (mm) 
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3.2.2 Measurements of single-fibre lengths 
The lengths of the decrimped single fibres were measured using a ruler. After that, the 
fibres were mounted on transparent films with A4 sizes, and both their ends were secured 




Figure 3-1 Superfine fibre samples on transparent films 
3.2.3 Measurements of single-fibre diameters 
A single-fibre analyser, model 2 (SIFAN 2) was used to obtain fibre diameter profiles 
along their lengths as well as stress-strain and fracture characteristics of ASFW and IMC 
fibres (Figure 3-2). In this study, single fibres from each length group were mounted using 
SIFAN clamps (Figure 3-3) and then decrimped at a pre-tension force of approximately 1 
cN, step of 0.2 mm, and speed of 5 mm/s to obtain their diameter profiles with a CCD 
camera. The resulting fibre diameter characteristics such as mean fibre diameters, 
diameter distributions, and minimum and maximum diameters were processed using the 
SIFAN software. In addition, a SIFAN 3001 instrument was successfully utilized by 
Wang et al (2007) for the evaluation and precise measurement of diameter profiles of 
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single wool fibres [145]. They found that the average diameter profile could be 
successfully determined for a given staple using 50 fibres from a mid-side sample. The 
described instrument can also be used for the simultaneous measurement of the breaking 
force (BF) and diameters of single fibres. 
             
Figure 3-2 A single fibre 
analyser utilized in this study 
(SIFAN 2) 
 Figure 3-3 Clamps of the 
SIFAN 2 instrument 
 
It should be noted that the separation of single fibres from greasy staples (without 
breakage) as well as sample preparation and measurement are extremely difficult and time 
consuming procedures. Thus, the main reason for measuring a large number of samples 
was to increase confidence in that the data reflects the characteristics of the sample. Thus, 
fibre length correlations were established by performing single measurements, and the 
parameters of the unprocessed ASFW and IMC fibres were related to the properties of the 
processed fibres.  
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3.2.4 Single-fibre tensile testing 
After diameter measurements, central parts of the tested individual fibres were mounted 
on transparent films with A4 sizes at specific gauge lengths of 30 mm and 60 mm for the 
IMC and ASFW fibres, respectively (Figure 3-4). The double-sided sticky tape was used 
to secure both fibre ends on the transparent film surfaces. Tensile testing was performed 
at a speed of 1 mm/s to explore the effect of the fibre diameter (Table 3-2) on its strength. 
The standard GLM procedure was used to calculate the group means and analyse possible 
correlations between different variables. 
 
 












Table 3-2 Different groups of fibre diameters 
ASFW 
(Code) 




Diameter groups MFD 
(µm) 
WD1 9.3 ≤ D ≤ 10 9.72  CD1 11.9 ≤ D ≤ 13 12.49 
WD2 10.1 ≤ D ≤ 11 10.64  CD2 13.1 ≤ D ≤ 14 13.49 
WD3 11.1 ≤ D ≤ 12 11.54  CD3 14.1 ≤ D ≤ 15 14.61 
WD4 12.1 ≤ D ≤ 13 12.60  CD4 15.1 ≤ D ≤ 16 15.59 
WD5 13.1 ≤ D ≤ 14 13.62  CD5 16.1 ≤ D ≤ 17 16.57 
WD6 14.1 ≤ D ≤ 15 14.56  CD6 17.1 ≤ D ≤ 18 17.53 
WD7 15.1 ≤ D ≤ 16 15.53  CD7 18.1 ≤ D ≤ 19 18.52 
WD8 16.1 ≤ D ≤ 17 16.47  CD8 19.1 ≤ D ≤ 20 19.53 
WD9 17.1 ≤ D ≤ 18 17.43  CD9 20.1 ≤ D ≤ 21 20.47 
WD10 18.1 ≤ D ≤ 19 18.53  CD10 21.1 ≤ D ≤ 22 21.56 
WD11 19.1 ≤ D ≤ 20 19.51  CD11 22.1 ≤ D < 23 22.60 
WD12 20.1 ≤ D < 21 20.92     
 
3.2.5 Weibull model 
3.2.5.1 Standard Weibull model 
Weibull analysis is a numerical tool, which is mostly used for determining the material 
strength. It is based on the assumption that the fractures formed at fibre defects ultimately 
result in the total failure of the entire sample [256]. Because of the variations in the 
severity of fibre flaws, the fibre strength measured across the fibre length is generally not 
uniform. The standard Weibull model can be used to characterize the distribution of the 
fibre strength σm across the fibre specimen under tension [248]: 
 












where V0 is the reference gauge volume, and 𝜎𝑚 is the measured fibre strength. 
Equation 3-1 was derived assuming the uniform distribution of fibre flaws over the entire 
fibre volume (here, the flaw distribution is a function of the fibre length and diameter). 
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Since the individual wool fibre is assumed to have a cylindrical shape, the fibre volume 
can be expressed as: 
 
V = (1/4) × πD2L 
       
(3-2)  
 

















} (3-3)  
 
At a constant value of the gauge length L, Equation 3-3 can be expressed as: 
 










} (3-4)  
 
After further transformations and taking the natural logarithms of both sides, the 










= 𝜅𝑙𝑛𝜎𝑚 − 𝜅𝑙𝑛𝜎0 
(3-5) 
                                                                           
The variability of the material strength produces a straight line after plotting ln (ln (1/1-
p)) vs. ln σm (the parameters σ0 and κ can be obtained from its slope and intercept). The 
cumulative failure probability of the fibre P can be predicted for each diameter group via 





 (3-6)  
 
where N is the total number of strength measurements performed at a particular fibre 
diameter, and i is the ranking number in the fibre strength list arranged in the ascending 
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order. The predicted values of the fibre strength can be obtained using the standard 
Weibull model (PSM) based on Equation 3-4: 
 
 












                                                                             
3.2.5.2 Modified Weibull model  
The ASFW and IMC fibres are very different from the classical brittle fibres, owing to 
their large diameter variations along the fibre length, which in turn can lead to variable 
fibre strengths [257]. It has been established previously that the standard Weibull model 
does not accurately predict the failure behaviour of non-uniform fibres [258]. Hence, the 
modified Weibull model (which has broader applications than the standard Weibull 
model) was suggested by A. Watson and R. Smith [252]: 
 
 










} (𝜆 ≠ 1) (3-8) 
 
The observed changes in CVD inside individual fibres with single-fibre diameter are 
depicted in Figure 3-5 for all diameter groups. It shows a linear dependence of log CVD 
on the logarithm of the single-fibre diameter. The Weibull parameter λ can be calculated 
using the following expression: 
                                                                           






Here λ is equal to 1.5669 for ASFW and to 3.0195 for IMC fibres, and b is 







Figure 3-5 Relationships between the magnitudes of CVD and single-
fibre diameters obtained for (a) ASFW and (b) IMC fibres 
 
The modified Weibull model takes into account the effect produced by the fibre diameter 
variations on the mechanical properties of natural fibres. When the gauge length L is fixed, 
and the fibre diameter D is substituted for the fibre volume V, Equation 3-8 can be written 
as: 
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The failure probability P was calculated using Equation 3-6 described above. The 
predicted value of the fibre strength calculated using the modified Weibull model (PMM) 
can be expressed as follows: 
 











3.3 Results and discussion 
3.3.1 Parameter distributions obtained for single ASFW and IMC fibres 
The statistical distributions obtained for various parameters of ASFW and IMC fibres 
including the means, extremes, modes, medians, skewness, kurtosis, and coefficients of 
variation (CV) are summarised in Table 3-3. In general, the physical properties of the 
studied fibres exhibited large variations. Thus, the majority of individual ASFW and IMC 
fibres were characterized by diameters of 923 and 1123 µm and lengths of 70135 and 
4585 mm, respectively, which could be attributed to the natural fibre growth. To 
investigate the normality of all fibre properties, their kurtosis and skewness were assessed. 
All the measured characteristics exhibited asymmetric curves, which were skewed around 
the means. Similarly, the obtained kurtosis values indicated that none of the studied 
properties were characterized by normal distributions; they were is either platykurtic 






Table 3-3 Various physical characteristics of single ASFW and IMC fibres 
Characteristics Sample size Min Max Mean Median Var SDD CVD SE Skewness Kurtosis 
ASFW 
MFL (mm)  
 
2500 
62 137 105.1 110 335.8 18.3 0.17 4.9 0.830 0.335 
MFD (µm) 9 23 15.4 15 8.1 2.8 0.10 0.7 0.423 0.444 
Linear density, tex 0.05 0.3 0.15 0.15 0.003 0.05 0.37 0.02 0.666 0.332 
Strength (MPa) 200 950 367.1 400 4098.0 64.0 0.16 16.0 2.479 4.481 




33 85 65.9 65 95.3 9.8 0.15 3.3 0.650 0.090 
MFD (µm) 11 23 16.5 17 4.1 2.02 0.07 0.6 0.180 0.205 
Linear density, tex 0.05 0.35 0.23 0.25 0.004 0.06 0.27 0.02 0.221 0.474 
Strength (MPa) 200 600 316.6 350 1901.7 37.7 0.11 14.5 1.177 6.354 
BF (cN) 2 10 4.4 5 1.9 1.4 0.27 0.5 1.550 3.100 
 
Figure 3-6 shows the distribution curves plotted for different fibre properties. Owing to 
their natural asymmetry, goodness-of-fit tests [259, 260] (known as the Kolmogorov-
Smirnov (K-S) tests) were conducted at a significant level α ≥ 0.05 to obtain the best 
fitting curves with the highest K-S probabilities. The values of the K-S probability and K-
S distribution calculated for various probability density functions for the fibre lengths are 
listed in Table 3-4. The best fitting functions for ASFW and IMC fibres characterized by 
the highest K-S probability values of 0.979 and 0.998 corresponded to the Weibull and 
Gamma functions, respectively. All the other characteristics of the studied fibres were 
similar, and their best fitting functions are listed in Table 3-5. 
Table 3-4 Evaluation of the goodness of fit of different distribution curves 
obtained for the lengths of ASFW and IMC fibres 
ASFW  IMC 
Probability density function K-S da K-S pb  Probability density function K-S 
da 
K-S pb 
Weibull 0.116 0.979  Gamma 0.114 0.998 
Rayleigh 0.140 0.908  Lognormal 0.125 0.995 
Lognormal 0.141 0.905  Weibull 0.130 0.992 
Exponential 0.298 0.134  Rayleigh 0.178 0.891 
Gamma 0.486 0.001  Exponential 0.505 0.011 




Table 3-5 Best fitting probability density functions obtained for different 
properties of ASFW and IMC fibres 
 ASFW   IMC 
Property parameter Best fit probability 
density function 
K-S p   Best fit probability 
density function 
K-S p 
MFL (cm) Weibull 0.979   Gamma 0.998 
MFD (µm) Gamma 0.975   Weibull 0.998 
Linear density, tex Weibull 0.916   Weibull 0.973 
Strength (MPa) Lognormal 0.160   Gamma 0.368 
BF (cN) Weibull 0.889   Weibull 0.987 
 
The results presented in Table 3-3 indicate that the parameters of ASFW and IMC fibres 
are highly variable and characterized by systematic distributions, which would likely 
result in a variable non-uniform textile. As shown in Figure 3-6, the high variability of 
the fibre length leads to high hairiness on the yarn surface. If the diameter of a fibre is 
highly variable, its use in high-quality products becomes very problematic. In particular, 
fibres with high variability of the linear density and MFD would result in low-quality 
products obtained during processing. After taking into account the asymmetric length 
distributions depicted in Figure 3-6, the studied fibres can be divided into the following 
three main groups: short, medium, and long ones. The obtained data revealed that the 
number of fibres with medium lengths was considerably higher than that of long fibres, 
while the number of short fibres was the smallest one (the observed diameter distributions 
and linear density values exhibited a similar trend). Therefore, a particular fibre mix can 







Figure 3-6 Distribution profiles obtained for the MFL, MFD, CVD, 
MinDiam, BF, and strength of (a) ASFW and (b) IMC fibres 
 
The fibre mechanical parameters, such as strength and breaking force, were found to be 
much less asymmetric than the characteristic dimensional parameters. The coefficients of 
variation obtained for the tenacities of ASFW and IMC fibres (16 and 11%, respectively) 
were lower than the variation coefficients of their diameters (19 and 12%, respectively) 
and lengths (17 and 15%, respectively). However, the variation coefficients obtained for 
the fibre BF (34 and 29%, respectively) were noticeably higher. The observed issue 
becomes further complicated due to the variations of the fibre diameters along the fibre 
94 
 
lengths because the variation coefficient of the BF (CVBF) can be predicted from the fibre 
CVMinDiam, while the MinDiam parameter is characterized by a lognormal distribution (in 
addition, a correlation was observed between BF and (MinDiam)2). The magnitudes of 
CVBF for ASFW and IMC fibres can be estimated using Equation 3-13 below [235]. 
 
𝐶𝑉𝐵𝐹 ≈ 2𝐶𝑉MinDiam (3-13) 
                                                      
3.3.2 Diameter distributions along fibre lengths 
Figure 3-7 shows the variations of the diameters of ASFW and IMC fibres measured along 
the local fibre lengths. During testing, 5000 individual fibres were randomly selected and 
grouped into three different parts (fine, medium, and coarse ones) depending on the linear 
density. Fibre diameters were measured from the base to the tip end in 0.2 mm intervals. 
The diameters of various ASFW fibres steadily decreased from the tip to the mid-point 
and then began to increase again until the tip end was reached. In contrast, the diameters 
of IMC fibres increased steadily from the tip to the middle and then decreased until the 
base was reached. The diameters of the coarse ASFW and IMC fibres varied from 18.4 to 
19.2 µm and from 17.7 to 18.7 µm, respectively, while their highest and lowest diameters 
were 21 and 15.7 µm and 18.9 and 17.7 µm with variation coefficients (CVD) equal to 7.7 
and 2.3%, respectively. The diameters of the fine ASFW and IMC fibres varied from 12.6 
to 13.3 µm and 13.8 to 13.9 µm, respectively, and their highest and lowest diameters were 
13.7 and 10.3 µm and 14.8 and 13.5 µm with CVD of 7.3 and 1.7%, respectively. The 
CVD of wool was much higher than the CVD of cashmere, which could be related to the 




Figure 3-7 Variations of the diameters of (a) ASFW and (b) IMC fibres along 
the fibre lengths (in the tip-to-root direction) 
 
3.3.3 Relationships between different fibre properties 
The relationships between different physical and mechanical properties of ASFW and 
IMC fibres are shown in Table 3-6, while various characteristics correlated with the fibre 
lengths, fibre diameters, and fibre linear densities are shown in Figures 3-8, 3-9, and 3-
10. Fibre length is one of the most significant parameters that determine the fibre quality. 
In this study, strong positive correlations between the lengths of ASFW and IMC fibres 
and their linear densities (0.73 and 0.67, respectively), diameters (0.75 and 0.71, 
respectively), and breaking force (0.68 and 0.64, respectively) were observed, while the 
fibre tenacities were negatively correlated with the fibre lengths. The significance of the 
obtained correlations was also confirmed by the corresponding p-values (significant level 
α ≥ 0.05). 
Table 3-6 also lists the best fitting equations for each correlation. The linear densities, 
diameters, BFs, and tenacities of the studied ASFW fibres can be described by second-
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order polynomials, while linear functions can be used to fit the data obtained for the 
diameters and BFs of IMC fibres. Fibre diameter is another significant parameter utilized 
for the fibre quality evaluation. Thus, significant correlations between the diameters of 
ASFW and IMC fibres and their linear densities (0.99 and 0.98, respectively), breaking 
force (0.96 and 0.97, respectively), and tenacities (0.66 and 0.49) were observed at a 
significant level of α ≥ 0.05. Moreover, a strong positive correlation between the linear 
densities of ASFW and IMC fibres and their breaking force (0.97 and 0.98, respectively) 
was obtained as well (the corresponding p-values are listed in Table 3-6).  
It can be concluded the correlations between the measurable factors (lengths, diameters, 
and linear densities) and the fibre tenacities were moderate due to the very high variability 
of the fibre basic parameters, such as linear densities, diameters, minimum diameters, and 
lengths (large differences in the corresponding values may result from the genetic, 
environmental, and nutritional factors). When a sheep reaches maturity, it exhibits an 
enhanced biological response mechanism, which affects the properties of individual fibres 
before shearing. Furthermore, the linear densities and cross-sections of the studied fibres 
also varied along the fibre lengths. The breaking extensions of fibres largely depend on 
their morphological flaws and weak points. Thus, the fibre extensibility cannot be 
predicted from the fibre diameter, length, or linear density and, therefore, is not discussed 






Table 3-6 Relationships between different physical and mechanical characteristics 
 of ASFW and IMC fibres 
Variable X Variable Y Correlation 
coefficient 
Best-fit equation df p-value 
ASFW  
MFL (mm) MFD (µm)  0.75 
 
y = -0.002x2 + 0.6x - 17.9 65 0.00001* 
MFL (mm) Linear density 0.73 
 
y = -4E-05x2 + 0.009x - 0.4 
 
65 0.00002* 




y = 0.02x + 8.9 65 0.02240* 
 MFL (mm) MinDiam (µm) 0.75 y = -0.0019x2 + 0.4393x - 14.859 65 0.00001* 
MFL (mm) Strength -0.60 y = 0.03x2 - 6.6x + 771.8 
 
65 0.00070* 
MFL (mm)  BF (cN) 0.68 y = -0.0009x2 + 0.2x - 9.2 
 
65 0.00010* 
MFD (µm) Linear density 0.99 y = 0.01x - 0.1 
 
65 0.00001* 




y = 0.2x + 7.5 
 
65 0.00115* 
 MFD (µm) MinDiam (µm) 0.98 y = 0.7432x - 0.4341 
 
65 0.00061* 
MFD (µm) Strength -0.66 y = -12.2x + 553.2 
 
65 0.00869* 
MFD (µm) BF (cN) 0.96 y = 0.4x - 2.0 
 
65 0.00696* 




MFL (mm) MFD (µm)  0.71 y = 0.09x + 11.1 
 
42 0.00067* 
MFL (mm) Linear density 0.67 y = -0.0001x2 + 0.01x - 0.4 
 
42 0.00051* 




y = 0.01x + 6.6 
 
42 0.09301 
 MFL (mm) MinDiam (µm) 0.67 
 
y = -0.0045x2 + 0.6611x - 9.3257 
 
42 0.00064* 
MFL (mm) Strength -0.43 y = 0.04x2 - 6.8x + 548.5 
 
42 0.00395* 
MFL (mm) BF (cN) 0.64 y = 0.05x + 1.4 
 
42 0.00018* 
MFD (µm) Linear density 0.98 y = 0.03x - 0.3 
 
42 0.00001* 




y = 0.2x + 4.9 
 
42 0.01770* 
 MFD (µm) MinDiam (µm) 0.98 y = 1.0132x - 3.6899 
 
42 0.00001* 
MFD (µm) Strength -0.49 y = -6.1x + 423.8 
 
42 0.00057* 
MFD (µm) BF (cN) 0.97 y = 0.6x - 5.4 
 
42 0.00008* 
Linear density BF (cN) 0.98 
 
y = 21.6x + 0.4 
 
42 0.00030* 
p-Probability, *Significant  
 
The obtained relationships and equations for the best fitting curves can help to predict the 
key fibre quality parameters (such as linear density, breaking force, and strength) from its 
basic properties (such as diameter and length). The grading procedure for animal fibres 
(such as wool) is usually implemented at wool processing mills; its main goal is to 
evaluate the quality parameters of fibres in a short period using several easily measurable 
basic parameters. The quality of textiles prepared from animal fibres mostly depends on 
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the designed structure of the final products and fibre properties [261]. In general, stronger, 
even, and less hairy products are normally produced from longer and finer fibres with low 
linear densities. 
 
Figure 3-8 MFD, CVD, MinDiam, linear densities, BFs, and strengths of 








Figure 3-9 Effects of the diameters of the individual (a) ASFW and (b) 






Figure 3-10 Effects of the linear densities of (a) ASFW and (b) IMC fibres 
on their breaking force 
3.3.4 Strength variations of superfine animal fibres with different diameters 
Table 3-7 and Table A1.1 of Appendix 1 list the measured minimum FDs and tensile 
strengths with the corresponding CV values. The obtained results indicate that the increase 
in the fibre diameter significantly affects the fibre strength and BF parameters due to the 
existence of weak points and increase in CVD along the fibre length (when the diameter 
of a fibre increases, its strength decreases (Table A1.2 of Appendix 1)). The dependence 
of CVMinDiam on the fibre length is also related to the fibre strength. 
Table 3-7 Tensile testing results obtained for representative fibres with various 
diameters 
 ASFW  IMC 













Strength (MPa) 535.3 361.7 369.1  416.1 314.8 312.9 
Min strength (MPa) 343.7 220.5 258.8  272.9 168.1 265.4 
Max strength (MPa) 850.8 624.3 460.1  610.9 508.7 404.9 
BF (cN) 1.8 3.5 5.9  2.5 4.3 8.3 
MinDiam (µm) 6.7 11.2 14.3  8.8 13.3 18.3 
CVD (%) 10.35 10.12 13.98  7.35 7.18 10.85 
 
In particular, the increase in CVD with fibre length produces a significant negative impact 
on the fibre tensile behaviour, especially on the BF of the fibres with the same average 
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diameters, as indicated by previous study [262]. The effect of the non-uniformity of 
ASFW and IMC fibres on their intrinsic strengths is described in detail in Figure 3-11. 
The obtained results indicate that the increase in the fibre CVD along the fibre length has 
a negative effect on its strength (the latter decreases moderately with an increase in CVD 
along the fibre length for each diameter group). 
Therefore, the obtained data confirm the existence of the relationship between CVMinDiam 
and CVBF for the unprocessed wool reported in previous studies [263, 264]. It has been 
also suggested that the MinDiam parameter should be utilized for predicting the CVBF of 
a fibre [265]. The mean diameter of a bundle or bulk fibres can be estimated via either 
laser scanning or optical fibre diameter analysis. The diameter distributions obtained 
using these techniques may fail to reflect the dispersion of MinDiam along the fibre 
lengths. Thus, both the FDs and MinDiam of individual fibres were measured in this study 
using the SIFAN instrument. The MinDiam distributions of ASFW and IMC fibres 
obtained at fixed gauge lengths and the corresponding lognormal fitting curves are shown 
in Figure 3-11. The related chi-square distributions and p-values were not statistically 
significant at 5%, indicating that the obtained experimental data were consistent with the 
MinDiam results characterized by lognormal distributions.  
The p-values listed in Figure 3-11 indicate that the dispersions of the unprocessed wool 
and cashmere exhibited lognormal distributions. According to Zhang and Wang (2001), 
the obtained chi-square and the K-S goodness of fit parameters illustrate that both the 
MinDiam and BF of the processed wool were characterized by lognormal distributions 
and significant positive correlations at the dyed tops [266]. In previous studies, a clear 
rectilinear relationship was observed between the fibre BF and (MinDiam) 2 [263, 264, 
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267, 268]. In particular, it has been shown that approximately 85% of soft wools break at 
the points with the smallest diameters [269]. In this work, strong linear correlations (with 
coefficients ranging from 0.40 to 0.84) between (MinDiam) 2 and BF was observed for 
different diameter groups of the studied ASFW and IMC fibres (Figure 3-11). 
 
Figure 3-11 (a) Linear dependencies of the fibre BF on (MinDiam)2, (b) 
effects of the fibre CVD on their strength, and lognormal distributions of 




CVBF values of the ASFW and IMC fibres can be predicted from the corresponding 
CVMinDiam magnitudes obtained for different diameter groups since MinDiam exhibit 
lognormal distributions, and BFs are correlated with (MinDiam)2. Both the measured and 
predicted CVBF values for individual ASFW and IMC fibres with different diameters as 
well as their relative errors are listed in Table 3-8 and Table A1.3 of Appendix 1. The 
decrease in the fibre diameter increased the differences between the predicted and 
measured values, which were much smaller for the larger fibre diameters than for the 
smaller diameters, indicating that fine fibres might affect the BF magnitude more 
significantly (the coarse fibres are likely to break at their thinnest points). The results 
obtained from previous study suggest that the CVBF of the processed, scoured, and dyed 
wool can be typically determined from the value of CVD, and that morphological flaws 
have little effect on the magnitude of CVBF (especially on its distribution along the fibre 
length) [265]. However, the observed differences in the predicted and measured CVBF 
values might be caused by other factors. The tensile behaviour of a fibre can also be 
affected by fibre crimps and the stress produced during stretching. However, the results 
obtained in this study indicate that the impact of the described factors on the fibre tensile 









Table 3-8 Representative measured and predicted variation coefficients of the 
fibre BFs and the corresponding relative errors 















Measured 16.49 20.89 23.24  27.18 13.93 7.98 
Predicted 2 (CVBF ≈ 2CVMinDiam) 14.03 18.39 21.82  23.66 12.77 7.51 
Relative errors (%) -14.94 -11.95 -6.08  -12.95 -8.34 -5.90 
 
3.3.5 Prediction of tensile strength of superfine animal fibres via diameter-
dependent Weibull analysis 
3.3.5.1 Standard Weibull distribution 
Figure 3-12 shows representative scatter plots for the tensile strengths of ASFW and IMC 
fibres with various experimental diameters in the standard Weibull coordinates, which 
can be used to evaluate the statistical scattering of fibre strengths. Although some 
deviations from the linear fit were observed at both the low and high extremes due to 
experimental errors, relationships with relatively high coefficients of determination (R2) 
were established between the best fitting curves (produced via the least square method) 
and the measured data points for different diameter groups. Hence, the strengths of ASFW 
and IMC fibres exhibited analytical disparities, which could be estimated using the 




Figure 3-12 Representative standard Weibull plots obtained for different 
diameter groups of (a) ASFW and (b) IMC fibres 
 
3.3.5.2 Modified Weibull distribution 
CVD is the coefficient of variation of the fibre diameter, which can be used to evaluate the 
effect produced by the variations of the internal fibre cross-section on the fibre strength 
(it represents the mean diameter variation laterally measured for N fibres at 0.2 mm 
intervals along the fibre length). Typically, the CVD value increases with an increase in 
the fibre diameter. As indicated by the results presented in Table 3-9 and Table A1.4 of 
Appendix 1, CVD significantly affects the breakage strength of the wool fibre, which 
systematically decreases with increasing diameter variability. In particular, internal 
diameter variations produce an undesirable effect on the breakage strengths of the fibres 
with the same mean diameters [258]. Therefore, it can be concluded that the fibres with 
larger diameters contain a greater number of flaws and thus exhibit higher CVD values, 




Table 3-9 Weibull parameters obtained for the tensile strengths of 





PSM PMM  
κ σ0 R2 κ σ0 R2 CVD 
WD1 13 5.86 621.9 
 
0.93 3.62 825.7 0.93 10.35 




6.31 405.8 0.97 6.82 470.7 0.96 13.98 
IMC  
CD1 9 7.73 483.9 0.95 3.90 808.2 0.85 7.35 
CD5 118 6.94 339.4 0.92 7.20 406.3 0.92 7.18 
CD11 18 6.82 329.3 0.83 10.53 369.3 0.83 10.85 
 
Table 3-9 lists the magnitudes of the modified Weibull modulus (κ) calculated for the 
ASFW and IMC fibres with various diameters groups as well as the corresponding values 
of the Weibull modulus, which represents a degree of variability for the fibre strength 
(high values of κ indicate low strength variability and vice versa). Owing to the 
fluctuations of κ observed for different diameter groups, it was not feasible to determine 
the corresponding variations of the fibre strengths. A different behaviour was observed 
for other wool fibres, which exhibited the increase in the Weibull modulus with an 
increase in the measured diameter [253]. Some researchers have investigated the effects 
of the scale parameter (σ0), Weibull modulus (κ), and exponential parameter of the 
internal diameter variation (λ) with the gauge length on the fibre strength calculated using 
the standard and modified Weibull distributions [253, 255]. According to their results, the 
fibre strength variation and its average can be obtained from the Weibull distribution. The 
calculated Weibull moduli (κ) of synthetic fibres ranged between 2 and 20, while those of 
natural fibres varied between 1 and 6, which could be explained by the variations of the 
fault distributions and fibre sizes. In this study, the standard and modified Weibull 
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scattering plots depicted in Figures 3-12 and 3-13 were used to evaluate the measured κ 
and σ0 parameters. The modified Weibull modulus ranged from 3.62 to 6.82 for ASFW 
fibres and from 3.90 to 10.53 for IMC fibres. According to Figure 3-14, IMC fibres exhibit 
the lowest variability (κ = 7.10), while ASFW fibres are characterized by the highest 
variability (κ = 5.44) within their corresponding diameter groups. The tensile strengths of 
ASFW and IMC fibres exhibited statistical deviations that could be satisfactorily 
described by the unimodal Weibull model (Equation 3-11). 
 
 
Figure 3-13 Representative modified Weibull plots obtained for different 
diameter groups of (a) ASFW and (b) IMC fibres 
 
Figure 3-14 Comparative modified Weibull 

























ASFW (5.44) IMC (7.10)
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3.3.5.3 Weak link scaling analysis  
The standard and modified Weibull distributions were simultaneously calculated for the 
strengths of ASFW and IMC fibres with different diameters at fixed fibre lengths to 
evaluate the accuracy of weak link scaling analysis [270]. Table 3-10 and Tables A1.5, 
A1.6 and A1.7 of Appendix 1 compare the predicted and measured values of the mean 
fibre strength for various diameter groups (see Equations 3-5, 3-7, 3-11 and 3-12). The 
utilized scaling model was based on the assumption that the modified scattering resulted 
in a better correlation with the experimental data than that obtained via the conventional 
model. Furthermore, significant differences between the experimental values and the data 
predicted through the standard Weibull model indicate that the extrapolation utilized in 
the standard model is not suitable for determining the fibre strength. In contrast, the 
modified model takes into account the volume variations of each fibre, internal fibre CVD, 
and various structural changes [253]. When variations of individual fibre diameters are 
incorporated into the modified model (see Equation 3-12), it becomes capable of 
predicting the strength of fibres with various diameters more accurately than the standard 
Weibull model. The average difference error calculated via the modified Weibull model 
was reduced significantly from 10.37 to 0.13% for ASFW fibres and from 6.51 to 0.09% 
for IMC fibres. Furthermore, the observed effect of the diameter on the fibre strength was 
in good agreement with the results of the weak link analysis. Hence, if the mean fibre 
strength can be calculated for one diameter group, it can also be predicted for another 









Predicted strength (MPa) 
Measured strength 
(MPa) 
PSM Difference error 
(%) 
PMM Difference error 
(%) 
WD1 451.6 15.6 535.5 0.04 535.3 
WD7 331.2 8.4 361.6 0.03 361.7 
WD12 333.9 9.5 367.4 0.46 369.1 
IMC 
CD1 354.3 14.8 415.3 0.17 416.0 
CD5 297.4 5.5 314.6 0.06 314.8 
CD11 300.8 3.9 312.1 0.26 312.9 
 
3.4 Conclusions 
 The physical and mechanical properties of raw Australian superfine Merino wool 
(ASFW) and Inner Mongolia Cashmere (IMC) fibres as well as their dimensional and 
distribution profiles have been studied by using fit transformation functions obtained 
through correlation coefficient analysis. The properties of both ASFW and IMC fibres 
were positively skewed and asymmetric in nature, while the fibre diameters depended on 
their lengths. The basic physical features, namely linear density, diameter and length are 
strongly and positively correlated with each other. However, the mentioned features are 
negatively correlated with strength. The result implies that among other factors such as 
structural flaws, most fibres break at the point of minimum fibre diameter. The diameter-
dependent Weibull analysis, incorporating the within-fibre diameter variation, is applied 
to predict the tensile strength of irregular fibres while keeping the fibre length constant. 
This work showed that the diminished strength of fibres with increasing fibre diameter is 
not only triggered by the build-up of structural faults, but also by an increase in the 
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diameter variation along the fibre. The prediction of strength has been validated with 
experimental data obtained from the ASFW and IMC fibres. The results suggest that the 
modified Weibull model is more precise in predicting the diameter dependence and 
strength of the fibres than the standard Weibull model. The understanding of simultaneous 
changes in the above-mentioned fibre properties is useful to simulate the methods of fibre 





















CHAPTER 4: SIMULATION OF ANIMAL FIBRE 




Yarn properties are influenced by a number of factors, including the properties of the raw 
fibre, spinning method and spinning machine parameters. With respect to the fibre 
properties, the most important factors are the average fibre diameter followed by the fibre 
length [5]. Both of these fibre characteristics affect yarn properties including yarn 
evenness, number of thin areas, hairiness, strength, elongation and spinning ends-down 
(breaks) [6]. Other equally important properties of a fibre for yarn making are its strength 
and the statistical distribution of the diameter values. Fine fibres are valued as they can 
be spun into strong and even yarn with a low tex which is suitable for manufacturing 
luxury garments [271]. The staple length is a key determining factor for fibre breakage, 
processing performance and the tensile properties of yarn. For a given average fibre 
diameter, a longer average fibre length is more desirable. Spinning wool with a long staple 
length can produce more even and stronger yarn compared to wool with a short staple 
length [163, 271]. However, the distribution of the fibre lengths has not been found to be 
significant for determining yarn quality [272]. When considering the spinning 
performance in addition to the yarn properties, the twist and linear density are critical 
factors [5]. To obtain the maximum yarn strength, a high twist level is required. However, 
if the twist level increases above a critical value, the yarn strength will decrease [273]. 
The linear density of the yarn is also critical as irregularities creating thinner, weaker areas 
decrease the overall strength [14]. It is necessary to control the spinning machine 
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parameters, such as the traveller weight, size of ring, and spinning speed, in order to 
achieve the desired yarn properties and spinning performance. Various setting software 
packages have been created with the aim of monitoring the spinning performance and 
controlling the yarn properties for different fibre and processing conditions. The Sirolan-
YarnspecTM software, developed by the CSIRO, integrates algorithms and theories 
relating to the mechanisms behind the yarn properties behaviour obtained from fits to 
predict spinning performance and yarn quality [5]. Such predictions can be made with the 
yarn mill operating under globally accepted operation standards and are only relevant 
under these conditions.  
 
There are some existing ways of changing fibre diameter and length to achieve an 
optimum combination of fibre diameter and length. Selective animal breeding is one of 
the techniques used to generate finer fibres. Although production of superfine animal fibre 
has steadily increased in recent decades, only a small, and gradual reduction in the mean 
diameter (< 1 µm) of Australian Merino wool was achieved during five years [274]. 
Recently, there has been growing interest in the modification of wool to reduce the 
average fibre diameter. The mechanical and physical properties of wool fibres can be 
modified by oxidative/reductive treatments [18]. However, these treatments are not 
environmentally friendly. Alternative pre-treatments for shrink-resistance have been 
developed, such as the protease enzymes process, which can achieve a small reduction in 
the mean fibre diameter (around 1.5-2.0 μm) [20]. Although this enzymatic treatment is 
an eco-friendly choice, it can be destructive and may result in large scale damage to the 
fibre surface. Another method is referring to the Optim™ fine fibre that is treated with 
chemicals and stretched [19]. Although this method can achieve the desired fineness (2-3 
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µm reduction), increases in length, softness, and silk-like lustre, the chemically treated 
and slenderized wool suffers from a reduction in the wet modulus and degradation of the 
cuticle scales [21, 22]. Consequently, there is a need to develop a method of achieving 
sufficiently fine fibres without any chemical damage.  
 
In summary, this chapter aims to clarify the relationship between the fibre length and 
diameter of unprocessed fine animal fibres and to model the effect of fibre separation 
based on length on the properties of the resultant yarn using Sirolan-YarnspecTM software. 
This work is novel as it demonstrates a new physical approach for optimising the average 
diameter and length of animal fibres. The technique has the potential of adding value to 
luxury animal fibres and improving the quality of yarn made from the separated fibres.  
 
4.2 Materials and experimental methods 
4.2.1 Sample preparation and fractionation method of single superfine animal fibre 
Australian superfine Merino wool (ASFW) and Inner Mongolia cashmere (IMC) were 
used in this study. In order to evaluate the correlation between the individual fibre 
diameter and length, representative mid-side samples of ASFW and IMC were collected. 
The greasy staples were thoroughly cleaned using 100% ethanol and then conditioned 
under a standard atmosphere with a temperature of 20±2°C and humidity of 65%±2%. 
After conditioning for 24 h, length of the decrimped single fibres was measured using a 
ruler. The statistical distributions of fibre length were then established from these single 
fibre measurements. The central part of the individual fibres was mounted on an A4-sized 
of transparent film at a specific gauge length of 60 and 30 mm for ASFW and IMC, 
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respectively. Double-sided sticky tape and masking tape were used to secure both fibre 
ends on the transparent film. The individual fibre diameter profile was then examined 
using a Single Fibre Analyser model 2 (SIFAN2) [151], and tensile tests were performed 
afterwards. The tests on SIFAN 2 were performed with a speed of 1 mm/s. Next, a 
simulation was carried out to appropriately fractionate fibres over a given length. When 
long fibres are removed from a sample (namely removed length groups), the remaining 
fibres become finer and shorter (namely remaining length groups) (see Figure 4-1 and 
Table 4-1).  
 
 
Figure 4-1 Staple diagram of fibre separation. Ls: shortest length; LL: 









Table 4-1 Single fibre length groups 
Category S-ASFW fibre S-IMC fibre 
Remaining length groups (mm) 
OFM 62 - 137 33 - 85 
Medium+short group 62 - 111 33 - 67 
Short group 62 - 86 33 - 48 
 Removed length groups (mm) 
Long group 137 – 111 85 - 67 
Medium group 110 - 86 66 - 48 
Short group 85 - 62 47 - 33 
 
 
4.2.2 Sample preparation and fractionation method of bundle superfine animal 
fibre 
 
To examine the effect of simultaneous changes on major physical properties of bundle 
superfine Merino wool after fibre fractionation, wool fleeces were selected at random 
from a superfine Merino wool bale. The bale included mixed wool from different 
superfine Merino sheep in one flock with a mean fibre diameter of 13.6 µm. A 
representative sample from an entire fleece with a high degree of precision were taken 
using the Grid sampling method. The sample contains all types of fibres or fibre lengths 
that occur in the total lot. To ensure that the relatively small sample reflects all 
characteristics, the number of samples taken from the total lot was as high as possible and 
subsequently homogenously mixed. Samples were washed using a hot water and soap 
technique. To avoid fibre aggregation, samples were washed using mesh laundry bags 
which are very useful for handling small quantities of fleece. The next step was to convert 
the washed superfine wool into a carded sliver. An essential step of the preparation was 
to parallelize the fibres as much as possible and to partially stretch them. An Ashford 
Superfine Drum Carder was used to prepare the superfine wool hand card slivers (Figure 
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4-2). The instrument prepared even slivers by rotating small and main drums at a speed 
ratio of 6:1. The slivers have a length of about 20 cm. 
 
 
Figure 4-2 Ashford Superfine Drum Carder [275] 
 
Then, a separation was carried out to fractionate the prepared superfine wool sliver into 
three length groups of end-aligned hand card slivers using a FL 100/101 Fibroliner (Figure 
4-3).  
 
Figure 4-3 FL 100/101 Fibroliner. (1). Carriage with needle field; (2). Nippers; (3). 
Combing brush; (4). Rake (in the unit); (5). Needle field cover; (6). Specimen holder 




The sliver was carefully pulled apart by hand before processing the sample on the 
Fibroliner. The hand card sliver placed on the needle field so that it was parallel to the 
travel direction of the carriage and that approximately 1 cm of the needle field remained 
free on each side and pressed in by means of the manual rake until the slivers was pressed 
into the entire needle field to the same depth. End-aligned fibre samples were 
subsequently produced from several drawings. As shown in Figure 4-4, before each draw 
the sample was moved to the left on the carriage (a) by a pre selectable value called feed 
(V). Subsequently the carriage moves to the left-hand stop position where the nippers (b) 
grip the protruding fibres. The specimen holder (c) was lowered. The carriage returned to 
the starting position and the nippers were raised. The brush (d) stretched (combs) the 
drawn fibres, and the rake pressed the fibres into the needle field (f) of the specimen 
holder. The nippers opened, then the nippers and the rake moved down again. The draw 
was completed as soon as the carriage returned to the starting position. For additional 
draws the process was repeated in the same manner. The number of draws can be set by 
turning the sector switch clockwise.  
 
Figure 4-4 Operational sequence of fibre fractionation 
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The maximum number of draws that can be selected is 60 for each bundle separation from 
the hand card sliver. After each draw, the sample is advanced by 2.5 mm. The fibre 
samples produced by the Fibroliner from hand card slivers were the original fibre mass 
(OFM tuft). The OFM tuft was processed directly into medium+short and short tufts 
(remaining length groups) as well as long, medium and short tufts (removed length 
groups) specimens by reinserting them on the needle bed with the non-aligned end toward 
the nippers, and pressed with the manual rake so that the fibres protrude from the needle 
tips (Figure 4-5).  
These fractionated specimens were conditioned at a temperature of 20±2˚C and humidity 
of 65%±2% for more than 24 hours and used for subsequent fibre length measurement on 
an AL 100/101 Almeter, and the fibre diameter profiles measured on an Optical Fibre 





Figure 4-5 Fractionated bundle length groups. (a) Remaining length groups - 
Short based, (b) Removed length groups - Long based 
 
To further explore the impact of such fibre selection on the yarn properties, the Sirolan-
Yarnspec™ software [173] was used to predict yarn properties when varying the average 
fibre diameter and length, while keeping all the other parameters, such as yarn 
specifications and processing conditions, constant. Table 4-2 shows some of the fibre 
properties and limited processing information used as inputs for the Sirolan-YarnspecTM 
software. The yarn properties and spinning performance parameters were generated as 






Table 4-2 The experimentally determined factors used as inputs for the Sirolan-
YarnspecTM software and the corresponding outputs 
 
Inputs Outputs 
Fibre properties Yarn specification Processing information  
MFD (µm) YCT (20.13) DY (N/A) CVunevenness (CV%) 
CVD (%) TA (t.p.m) (569) SP (N/A) N (Number of fibres in cross sec) 
MFL (mm) Nm (49.70) Recombed (N/A) Index of irregularity 
CVL (%) Tw factor (80.7) Backwashed (N/A) Thin places per kilometre (-50%) 
FBT (cN/tex) (10.01)  Spinning speed (rpm) (6000) Thick places per kilometre (-50%) 
C (˚/mm)  S-draft (16)  Nep per kilometre (+200%) 
%<30 mm (7)  RS (cm) (4.5) YT (cN/tex) 
  TW (g) (0.0251) ELO (%) 
  Traveller No (33) Breaking force (cN) 
   Ends-down per 1000 spindle hours 
(EDMSH) 
  
4.3 Results and discussion  
4.3.1 Correlation between fibre length and diameter 
Figure 4-6 refers to different contour levels relating average fibre diameters to CVD and 
fibre lengths. The figure shows contour plots of the S-ASFW, B-ASFW and S-IMC (see 
notes in Section 5) fibre diameters for the OFM group obtained for the fibre length ranges 
of 62-137, 27-125 and 33-85 mm, with the average fibre diameters of 15.4 (± 1.6), 14.2 
(± 2.4) and 16.5 (± 1.2) µm, respectively. The contour plots show that changes in the fibre 
diameter are more responsive to fibre lengths (r = 0.90, p < 0.05) than CVD. A moderate 
significant dependence of the CVD on the fibre diameter or length was observed. The 
groups with long fibres showed larger fibre diameters, while the finest fibres were 
observed for the short group (Table 4-3). Thus, the results have shown a significant 







Figure 4-6 Different contour levels relating average fibre diameter to CVD and fibre 
length of (a) S-ASFW, (b) B-ASFW, (c) S-IMC 
 
4.3.2 Effect of fibre fractionation on the fibre properties 
The results of statistical analysis of the fibre properties for the studied length groups are 
listed in Table 4-3. Various properties of the ASFW and IMC fibres were examined after 
consecutively removing each length group one after the other from the OFM to the short 
length group. The results in Table 4-3 show that after removing the longer fibres, the fibre 
diameter decreased significantly (2.0 ± 0.5 µm). The shorter length groups were 
composed of finer fibres with lower variance comparing across all the other length groups. 
When long fibres are removed from the samples, the remaining fibres become shorter and 
finer for both single and bundle animal fibres.  
 
The measured MFD values showed higher proportion of the variations between length 
groups for the S-ASFW (14.9 %, P < 0.05) than the S-IMC (9.7 %, P < 0.05). It can be 
seen for the ASFW fibres that the longest fibre group showed 19.1 % higher MFL value 
than the shortest fibre group. Table 4-3 and Table A2.1 of Appendix 2 also show an 
increase in the fibre length and diameter resulted in a decrease in the fibre strength. This 
is due to the existence of weak points and increasing the CVD along a single fibre length 
measured using SIFAN2 [265].  
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 S-ASFW fibre 
 





OFM 15.4 10.9 10.4 84.0 50.4 3.5 367.1 
Medium+short group 13.8 9.8 10.5 74.3 49.1 2.9 385.1 
Short group 13.1 10.3 10.3 69.9 47.3 3.2 377.3 
% Change/p -14.9** -5.5NS -0.96NS -16.8** -6.1NS -8.57 NS 2.78 NS 




Long group 17.2 11.2 10.6 94.9 48.9 3.6 355.4 
 Medium group 15.1 10.9 10.8 82.0 48.1 3.5 370.7 
 Short group 13.1 10.3 10.3 69.9 47.3 3.2 377.3 
 % Change/p -23.8** -8.0NS -2.8NS -26.3** -3.3NS -11.1NS 6.16NS 
r -0.83 -0.56 -0.65 -0.99 -0.41 -0.48 0.51 




OFM 16.5 13.3 8.3 60.8 45.1 4.4 316.6 
Medium+short group 15.3 12.7 7.5 47.1 43.8 4.1 321.8 
Short group 14.9 10.8 7.5 42.8 43.5 3.2 353.3 
% Change/p -9.7** -18.8** 10.7NS -29.6** -3.5NS -27.27** 11.59** 




Long group 17.7 13.9 8.3 72.9 46.1 4.8 312.6 
Medium group 16.2 13.4 8.2 57.6 44.8 4.4 311.0 
Short group 14.9 10.8 7.9 42.8 43.5 3.2 353.3 
% Change/p -15.8** -22.3** 5.1 NS -41.3** -5.6NS -33.3** 13.0** 




















OFM  14.2 17.0 75 51.2 97.4 7.5  
Medium+short group 13.8 17.0 43 35.5 98.7 8.3  
Short group 13.5 16.6 32 41.4 100.4 9.4  
% Change/p - 4.9NS 2.4NS - 57.3** -19.1 ** 3.1NS 25.3**  




Long group  15.1 17.0 83 54.0 97.0 7.1  
Medium group  14.3 17.0 79 50.0 99.0 7.5  
Short group 13.5 16.6 32 41.4 100.4 9.4  
% Change/p -10.6** 2.41NS -61.4** -23.3** 3.51NS 32.39**  
r -0.63 0.40 -0.89 -0.90 0.29 0.98  
** Significant at P < 0.05.  NS: not significant. 
The coefficient of variation of the minimum fibre diameter (CVMinDiam) along a fibre 
length is also an essential for controlling the strength of fibre. For the longer group, the 
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findings indicate that the fibres are likely to break at their thinnest point. For the shorter 
group, the uniformity of the diameter is higher than that of the longer fibre, and therefore, 
the fibres are more likely to break at points where natural defects existed in the structure. 
4.3.3 Effect of fibre fractionation on the predicted properties of yarn  
Fundamental yarn properties such as yarn unevenness, tenacity, elongation, hairiness and 
spinning ends-down were predicted using the inputs of the fractionated fibre length groups 
and specific processing conditions in the current version of the Sirolan-YarnspecTM 
software. Table 4-4 shows results of an ANOVA analysis and a comparison of the mean 
values of the yarn properties for different ASFW and IMC fibre length groups (the 
removed lengths and those remaining after the removal of the others). The predicted yarn 
parameters showed more variability for the longer length groups than the shorter ones, 
specifically for yarn tenacity and unevenness. These results are expected due to the large 
differences in the MFD, CVD, MFL and CVL of the fractionated fibres used as input 
variables in the Sirolan-YarnpsecTM software.  
 
The S-ASFW, B-ASFW and S-IMC fibres showed an increase in the predicted number of 
fibres in a yarn cross section in the short group compared to the longer fibre length groups 
by 66.3, 10.5 and 32.4 %, respectively. The predicted yarn unevenness values of the 
resultant yarns using the shortest fibres were the lowest (12.1, 13.1 and 13.1 %) among 
all length groups, while the unevenness of the yarn from the OFM group was high. The 
effect of removing the longer fibres on the resultant yarn unevenness is statistically 
significant (Table 4-4). Additionally, principal component analysis (PCA) was performed 
to relate variations in fibre properties of the fractionated groups to relevant yarn quality 
124 
 
parameters. The PCA plots in Figure 4-7 and the Table A2.2 of Appendix 2 show that the 
correlations of MFD and CVD, with yarn unevenness were positively significant within 
the fractionated length groups. It can be seen that the medium+short fractionated group 
was more closely associated with the yarn unevenness, tenacity and elongation 
parameters. This is probably due to a larger number of coarser fibres in the yarn structure 
and fewer fibres in the yarn cross section. The OFM group was less associated with yarn 
tenacity and elongation than the other groups. The mean number of fibres in the cross 
section is responsible for determining the number of thin places and level of unevenness 
of the yarn [8, 9]. Accordingly, the evenness increases slightly with increasing number of 
fibres in yarn cross section [11, 171]. Figure 4-7 also illustrates that the yarn unevenness 
parameters were positively correlated with the MFL and CVL for all length groups. The 
yarn unevenness is highly correlated with the hauteur [15]. An increase in the hauteur up 
to 85 mm will lead to a reduction in the unevenness of around 1 % for a fine yarn, which 
is less (10 %) than would be obtained for a reduction in the mean fibre diameter of around 
1 µm. Moreover, the mean diameter of the thinnest place of 0.5 m lengths is linearly 
dependent on the sum of the yarn unevenness and only slightly dependent on the hauteur 
[171]. Additionally, this study reported that it is possible that a higher CVL value of 
Merino wool will result in more even roving and slightly more even yarn. However, other 
study observed no effect of the CVL on yarn unevenness [151]. Our findings are 
consistent with the yarn unevenness having neither a dependence on CVL nor being 
slightly and enhanced with increasing CVL.  
 
The results presented in Table 4-4 also show a moderate increase in the predicted 
elongation (%) and tenacity (cN/tex) values of S-ASFW, B-ASFW and S-IMC after the 
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removal of the coarser-longer single fibres. The results show that the presence of the 
longer-coarser fibres negatively affects the strength. This is a result of less fibres in the 
cross section, which contribute to decreasing the yarn strength. Additionally, the PCA plot 
shows that yarn tenacity and elongation parameters were highly correlated with each other 
and negatively correlated to MFD, MFL, CVL, CVD and yarn unevenness parameters 
(Figure 4-7). Thus, the group of shorter fibres formed a cluster of yarns with high 
uniformity and tenacity. According to Spencer-Smith (1947) [12] and Hearle (1969) [13], 
a more realistic yarn tenacity could be estimated by considering yarn unevenness. For 
yarns with a constant twist, the tenacity is also dependent on 
MFD
MFL
. A constant influence of 
hauteur and unevenness on the tenacity for all diameters in Merino wool has been reported 
by Yang (1993) [15] and Lamb (1992) [16]. According to Lamb and Yang (1996), the 
effect on the yarn tenacity of a 1 (µm) decrease in the mean fibre diameter is roughly 
equivalent to a 10 (mm) hauteur increase for a fine yarn, although the real trade-off also 
depends on the number of fibres in the yarn cross section [5]. 
 
The yarn hairiness and spinning ends-down for the resulting yarns predicted from the 
remaining and removed length groups are shown in Table 4-4. Increasing the number of 
short fibres resulted in increasing the hairiness and ends-down values of the resultant S-
ASFW, B-ASFW and S-IMC yarns. It can be seen that the effect of longer-coarser fibre 
fractionation on yarn hairiness of both the ASFW and IMC fibres are statistically 
significant (P < 0.05). The fibre diameter has been shown to be highly significant in 
establishing the spinning ends-down for a given Yarn Tex [8, 9]. Moreover, although the 
effect of the CVD, on the ends-down in spinning is small, it is statistically significant [7]. 
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The ends-down value also relies on the number and cross-sectional area of the fibres [5]. 
In other words, in the areas where the yarn contains the least material, it is most likely to 
break.  
 
Table 4-4 Predicted changes in the yarn properties for both the removed and remaining 
length groups for ASFW and IMC fibres 
 
Remaining length groups  Removed length groups  















S-ASFW fibre  
CV % 13.73 12.65 12.12 11.73** -0.99 14.79 13.45 12.12 18.05** -0.98 
Thin/km 11.00 4.00 3 72.73** -0.97 24 9 3 87.50** -0.96 
Thick/km 3.00 1.00 1 66.67** -0.88 4 2 1 75.00** -0.94 
Neps/km 4.97 4.42 4.18 15.90** -0.99 5.63 4.84 4.18 25.75** -0.96 
YT (cN/tex) 8.34 8.57 8.68 4.08** 0.99 8.12 8.4 8.68 6.90** 0.97 
ELO (%) 23.9 25.4 26.1 9.21** 0.99 22.4 24.3 26.1 16.52** 0.98 
Hairiness 2.36 2.44 3.19 35.17** 0.97 2.99 3.13 3.19 6.69NS 0.42 
EDMSH 3.63 3.67 3.88 6.89 NS -0.68 3.58 3.68 3.88 8.38NS -0.39 
S-IMC fibre  
CV % 14.09 13.38 13.14 6.74** -0.99 14.65 13.85 13.14 10.31** -0.99 
Thin/km 15.00 9.00 7 53.33** -1.00 23 13 7 69.57** -0.98 
Thick/km 6.00 4.00 4 33.33** -0.97 6 5 4 33.33** -0.86 
Neps/km 6.98 6.74 6.68 4.30** -0.98 7.26 6.89 6.68 7.99NS -0.58 
YT (cN/tex) 7.39 7.40 7.42 0.41NS 0.19 7.37 7.42 7.42 0.68 NS 0.23 
ELO (%) 19.14 19.35 19.3 0.84 NS 0.94 18.7 19.3 19.3 3.21 NS 0.53 
Hairiness 3.34 3.54 4 19.76** 0.97 3.93 4.01 4 1.78 NS 0.65 
EDMSH 6.04 7.14 7.66 26.82** 0.98 5.45 6.17 7.66 40.55** 0.98 
B-ASFW fibre  
CV % 13.43 13.29 13.10 -2.46 NS -0.20 14.4 13.8 13.10 -9.03 NS -0.26 
Thin/km 10 8 7 -30.00** -0.89 14 11 7 -50.00** -0.54 
Thick/km 7 4 2 -71.43** -0.91 10 9 2 -80.00** -0.71 
Neps/km 6.35 5.53 4.68 -26.30** -0.68 7.1 6.8 4.68 -34.08** -0.89 
YT (cN/tex) 6.254 6.706 7.156 14.42** 0.65 6.0 6.2 7.156 19.27** 0.60 
ELO (%) 13.82 15.98 18.15 31.33** 0.87 12.9 13.9 18.15 40.70** 0.99 
Hairiness 2.51 3.44 4.6 83.27** 0.99 2.2 2.5 4.6 109.09** 0.99 
EDMSH 5.35 7.29 11.03 106.17** 0.99 4.9 5.2 11.03 125.10** 0.99 









Figure 4-7 Principal component analysis of fibre length fractionated groups. 
(a) S-ASFW. (b) B-ASFW. (c) S-IMC. PCs (Principal components) 
 
It can be seen that, when a fibre sample was fractionated into shorter-finer and longer-
coarser groups, both the remaining and removed groups resulted in yarns of higher quality 
than the original unseparated fibre sample for both single and bundle fibres. It should be 
noted that fibre length distribution and some other yarn properties, including hairiness, 
and EDMSH, played an important role in determining yarn quality and hence it was 
difficult to optimise the fractionated fibre length group to produce premium quality yarns 
effectively regarding specific yarn property values. Therefore, the following optimisation 
method was performed to evaluate all predicted yarn properties and determine an overall 
yarn quality score. 
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4.3.4 Optimisation of an ideal fractionated fibre length group 
The yarn quality score (YQS) values were calculated for various yarn characteristics using 
Equation 4-1. This equation is used to compare the relative performance of every length 
group as per the yarn property to optimise an ideal fractionated fibre length group to 
produce premium quality yarns. The ith sample for YQS analysis for a particular yarn 
characteristic, assuming the sum of samples is N, is given by [277]: 
𝑌𝑄𝑆 = 9 × [
(𝑋𝑤 − 𝑋𝑖)
(𝑋𝑤 − 𝑋𝑏)
] + 1  (4-1)  
 
where the maximum YQS is 10 when sample Xi = Xb. The minimum YQS value is 1, 
which occurs when Xi = Xw. The YQS rankings showed a different behaviour for yarn 
properties from different length groups. It is important to note that Xb is the highest value 
and Xw is the lowest value in the N samples for all yarn elongations and tenacities. On 
the other hand, for yarn unevenness, thick and thin places, neps, hairiness and ends-down, 
the values are opposite to those for yarn elongation and tenacity, i. e. a lower X value is 
desirable. In terms of unevenness, elongation, and tenacity of ASFW and IMC yarns, the 
short fibre group showed the optimum value of 10, while, the best hairiness and EDMSH 
values were from the OFM and the long length groups. The widest length distribution for 
all single and bundle fibres belonged to the OFM and medium+short groups.  
 
To investigate the relationships between the YQS of all yarn properties, a two-tailed t-test 
was carried out. These calculations clearly showed a high correlation between the YQS 
for all yarn properties and length groups. However, there were no clear trends regarding 
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the length groups for the total yarn quality scores (YQSt). Therefore, determining the 
collective fibre quality with respect to individual yarn property values is still difficult.  
A YQSt was used to determine the overall spinning quality. For a given sample length, 
the YQSt is defined by Equation 4-2 [277]: 
𝑌𝑄𝑆𝑡 = ∑ 𝑌𝑄𝑆𝑖 × 𝑤𝑖
𝑛
𝑖=1
+ 𝑄𝑆𝐷𝑖𝑠 (4-2)  
where w is weight factor. The weight may vary for different yarn properties depending on 
the yarn used. Table 4-5 shows the weight factors for unevenness, thin and thick places, 
neps, hairiness, tenacity, elongation and ends-down to indicate their relative importance 
[277]. The weights of predicted YQSt values using Equation 4-2 were calculated for every 
length group. The best single and bundle fractionated fibre length groups with the 
optimum predicted YQSt values are shown in Table 4-6 and Figure 4-8. For both single 
and bundle fibres, the medium+short length groups had the highest YQSt values due to 
their high ranking within the fibre length groups and high length distribution scores. On 
the other hand, although the short groups were highly ranked for some yarn properties, 
such as yarn unevenness, tenacity and elongation, their length distribution score, yarn 
hairiness and EDMSH were the lowest for both single and bundle fibre groups. 
Additionally, the OFM group achieved a high length distribution score, but its ranking 
among the fibre length groups was low and was selected as the lowest preference for both 
single and bundle fibres. 
 
Hence, the results showed that the best fibre fraction was the medium+short length groups 
because of their high score in the ranking of fibre length quality and their length 
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distribution score, resulting in yarns with superior predicted properties and were selected 
as the best choice from the groups of both single and bundle fractionated fibres.   
 
Table 4-5 Weight factors for various yarn properties for calculating the yarn 
quality score 
 













Table 4-6 Predicted total yarn quality scores (YQSt) 
 
 Remaining length groups  Removed length groups 










S-ASFW YQSt 1.0 10.0 1.0  1.0 10.0 4.2 
B-ASFW YQSt 1.0 10.0 1.0  1.0 10.0 4.9 




Figure 4- 8 Optimal fractionated length groups. (a) S-ASFW. (b) B-ASFW. 
(c) S-IMC fibre 
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4.4 Conclusions  
This study has established a significant relationship between fibre length and diameter for 
superfine animal fibres such as Australian Superfine Merino wool and Inner Mongolia 
cashmere. When long fibres are removed from the samples, the remaining fibres become 
shorter and finer. The implications of this separation on the yarn properties were predicted 
using Sirolan-YarnspecTM software. It was observed that when a fibre sample was 
fractionated into shorter-finer and longer-coarser groups, both the remaining and removed 
groups resulted in yarns of higher quality than the original unseparated single and bundle 
fibre samples. A unique approach for calculating ASFW and IMC fibre length quality 
scores and optimising an ideal fractionated fibre length group to produce premium quality 
yarns was investigated. A total yarn quality score was analysed for various length groups 
to characterise fibre length and diameter in terms of yarn quality. The results showed that 
the best fibre fraction was the medium+short length groups because of their high score in 
both the ranking of fibre length quality and their length distribution (10 out of 10), 
resulting in yarns with superior predicted properties. This simulation of animal fibre 
separation showed the potential of improving the quality of yarns made from such fibres. 
However, in practice, none of the existing fractionation methods, such as the 
hydrocyclone process or the use of electrostatic charges are suitable to separate wool 
fibres because of the high crimping and entanglements. Thus, it is proposed that 
disentanglement of wool fibre bundles using a carding process is required to get relatively 
individualized fibres and then a simplified fractionating device, such as a modified 
Fibroliner, could be integrated into the delivery section of the carding machine to 
fractionate wool fibres into different length groups. 
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CHAPTER 5: SIMULATION OF BLENDING ANIMAL 
FIBRES OF DIFFERENT LENGTHS FOR PREDICTING 
YARN PROPERTIES  
 
5.1 Introduction 
The performance of a yarn is determined by the properties of the fibre, including its 
diameter and length [5, 6]. To achieve an optimum combination of fibre diameter and 
length to improve the quality of the resultant yarn, animal breeding programs and 
stretching methods have been applied [19, 274]. However, animal breeding is a long-term 
and expensive effort and stretched wool fibres suffer from a reduction in the wet modulus 
and degradation of the cuticle scales [21, 22]. Blending methods are an attractive 
alternative to achieve an ideal combination of fibre length and diameter as no chemical 
damage is incurred. Blend design is an important methodology that can be used to 
investigate the properties of the fibres in the different blends [278]. In order to establish 
the optimal animal fibre length-diameter blends for each yarn property, the simplex lattice 
mixture design (SLMD) technique was applied in this study [279]. SLMD is a cost-
effective approach for evaluating new fibres length-diameter blends and their quantities 
in a blend. The SLMD method can evaluate multi-component blends with a wide range 
of proportions (adding up to 100%) and is used to identify amalgamates of variables to 
enhance particular properties. The developed model can be utilised to predict approval 
scores as well as the effect of altering components on each yarn property. However, it is 
difficult to rank length-diameter blends effectively and determining the collective fibre 
quality with respect to each yarn property remains challenging. However, the use of the 
multi-criteria decision-making (MCDM) method can produce more useful results [280].  
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In summary, this chapter aims to simulate optimal animal fibre length-diameter blends 
based on the properties of the resultant ring spun yarns to produce final yarns with superior 
quality. Different fibre length groups (classed as short, medium, and long) were selected. 
Short and medium fibre lengths are known to have small diameters [154]. Therefore, 
simulating the blending of different length groups is expected to add value to luxury 
animal fibres and improve the overall quality of blended yarns. 
5.2 Materials and methods 
5.2.1 Sample preparation and data collection 
Australian superfine Merino wool fibre (ASFW) and Inner Mongolia Cashmere fibre 
(IMC) were used in this study. Single fibres were randomly selected from the original 
fibre mass (OFM). Fibres were thoroughly cleaned using 100% ethanol to remove grease 
and other impurities. The length of the decrimped single fibres was measured using a 
ruler. The individual fibre diameter profile tests were conducted using a single fibre 
diameter analyser (SIFAN2) (see more detail about this instrument in Chapter 3) [151]. A 
simulation was carried out to selectively classify fibres over a given length into three 




Figure 5-1 Staple diagram of fibre length 
groups. Ls: shortest length, LL: longest 
length 
 
The single fibre length distributions of ASFW and IMC with different mean fibre lengths 
were then established from the single fibre measurements. The distribution data were 
sorted into frequency intervals representing a range of 1 mm in size. The highest 
distribution belonged to the medium length group, and the long group showed the second 
highest distribution.  
5.2.2 Simplex lattice mixture design (SLMD) 
The effect of the length-diameter blending of long (A), medium (B), and short (C) groups 
on the predicted ring spun yarn properties was evaluated using simplex lattice mixture 
design (SLMD). Four fibre properties, namely mean fibre diameter (MFD; µm), mean 
fibre length (MFL; mm), the coefficient of variation of length (CVL; %), and the 
coefficient of variation of diameter (CVD; %), were included in the following calculations 
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as they are all strongly correlated with various final yarn properties [7]. The harmonic 












where 𝐻𝑀 is the harmonic mean, 𝑥𝑖 is MFD, MFL, or CVL, and 𝑝 is the percentage of 
the blend. The average of the CVD in the blended fibres was calculated for each length-



















𝑁𝑡 = 𝑝1 ×
𝐶𝑌1
𝐶𝐹1
+ ⋯ + 𝑝𝑛 ×
𝐶𝑌𝑛
𝐶𝐹𝑛
      
 
where, 𝐶 is yarn linear density in tex, 𝑁 is number of fibres in the yarn cross section, 
and F and Y refer to the fibre and yarn, respectively. 
To further explore the impact of such fibre length blending on yarn properties, the Sirolan-
YarnspecTM software [281] was used to predict yarn properties. The optimum 
combinations to yield a product with the highest quality score for each yarn property were 
estimated using contour plots. The values of the different components were defined as 
proportions of the yarn blend with the sum (A+B+C) equalling one. The sample names 
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and proportions of the long, medium, and short fibre groups used for the experimental 
design are presented in Table 5-1.  
The fifteen different blends for each of the wool types included three single-component 
(singular) blends, nine two-component (binary) blends, and three three-component 
(ternary) blends, as shown in Figure 5-2. The polynomial equation presented in Equation 
5-3 below [282] was fitted for each factor to be evaluated at each of the trial points.  
Table 5-1 Compositions of fibre length mixture samples used for the SLMD 
 Blends  Ingredient proportions 
ASFW  IMC  Long (A) Medium (B) Short (C) 
W1  C1  1 0 0 
W2  C2  0 1 0 
W3  C3  0 0 1 
W4  C4  0.25 0.75 0 
W5  C5  0.25 0 0.75 
W6  C6  0 0.25 0.75 
W7  C7  0.5 0.5 0 
W8  C8  0.5 0 0.5 
W9  C9  0 0.5 0.5 
W10  C10  0.75 0.25 0 
W11  C11  0 0.75 0.25 
W12  C12  0.75 0 0.25 
W13  C13  0.25 0.25 0.5 
W14  C14  0.25 0.5 0.25 
W15  C15  0.5 0.25 0.25 
 
𝐿𝑖𝑛𝑒𝑎𝑟 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛: 𝑌 = 𝛽1𝐴 + 𝛽2𝐵 + 𝛽3𝐶 
𝑄𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑌 = 𝐿𝑖𝑛𝑒𝑎𝑟 + 𝛽12𝐴𝐵 + 𝛽13𝐴𝐶 + 𝛽23𝐵𝐶 
𝑆𝑝𝑒𝑐𝑖𝑎𝑙 𝐶𝑢𝑏𝑖𝑐 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛: 𝑌 = 𝑄𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 + 𝛽123𝐴𝐵𝐶 
𝑌 = 𝛽1𝐴 + 𝛽2𝐵 + 𝛽3𝐶 + 𝛽12𝐴𝐵 + 𝛽13𝐴𝐶 + 𝛽23𝐵𝐶 + 𝛽123𝐴𝐵𝐶 (5-3) 
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where Y shows the estimated response, and β1, β2, β3, β12, β13, β23, and β123 are the constant 
coefficients for each non-linear and linear term generated for the processing component 
prediction models. Each response for the linear model shows the influence of the singular 
length group. The quadratic model adds the synergistic influence of the binary blends and 
the special cubic model considers the same for the tertiary blends. According to the 
significance of the regression model, contour plots were then prepared to allow selection 
of the optimum blend regions based on each property of the yarn. However, determining 
the overall yarn quality with respect to the individual values of each different property is 
difficult. Hence, a multi-criteria decision-making tool (analytic hierarchy process - 
technique for order of preference by similarity to ideal solution; AHP-TOPSIS) was used 
to optimise the length blends and, hence, the overall yarn quality [280]. 
 
Figure 5-2 SLMD points augmented for the 
effects of long (A), medium (B), and short 





5.2.3 Multi-criteria decision-making (MCDM) 
  
The MCDM process involves the selection of alternatives that are considered to be more 
feasible than other analysis options. The TOPSIS model is an example of an MCDM 
method that is used to find solutions from a finite set of available options. The 
fundamental concept is that the selected alternatives should contain the nearest and 
furthest points from the negative and positive ideal solutions, respectively [280]. AHP is 
a flexible and powerful MCDM tool that is used to facilitate the complicated process of 
decision making on different levels, where both the quantitative and qualitative aspects 
are considered [283]. Combining AHP and TOPSIS makes it possible to select the ideal 
fibre length group that optimizes the quality of the yarn and hence, adds value to the 
animal fibres. In the case of an AHP-TOPSIS hybrid method, the AHP pair-wise 
comparison approach is merged with various TOPSIS steps [283, 284] as shown below:  
Step 1: Identification of the relevant goals, decision criteria, and variables of the problem 
(Figure 5-3).  
 
Figure 5-3 Hierarchical structure showing the MCDM analysis of the blended 




Step 2: Formulation of variables and criteria for a decision matrix using the available 
information, where M represents the number of variables and N is the number of criteria. 
Elements aij and Dmxn are the true values of the i
th option in terms of the jth matrix of the 
decision.   
𝐷𝑀×𝑁 = [
𝑎11 𝑎12 … 𝑎1𝑁
𝑎21 𝑎22 … 𝑎2𝑁
… … … …
𝑎𝑀 𝑐𝑀2 … 𝑎𝑀𝑁
] 






 𝑗 = 1, … … , 𝑚𝑖 = 1, … … , 𝑛 (5-4) 
Step 4: The relative significance of the various criteria regarding the goals of the 
underlying problem is specified using the AHP model. A scale of relative significance is 
used to set up a matrix of pair-wise comparisons. A nine-point scale is used by the AHP 
model to define the importance of each factor, as shown in Table 5-2. 
Table 5-2 Nine-point scale of relative importance used in the AHP model [283] 
Intensity of Relative Importance  Definition 
1 Equal importance 
3 Moderate importance of one over another 
5 Essential or strong importance  
7 Demonstrated importance  
9 Extreme importance  
2, 4, 6, 8 Intermediate values between the two adjacent judgments 
Reciprocals of the above  
non-zero numbers 
Reciprocal for inverse comparison 
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In the case of N criteria, the size of the matrix of comparison is 𝑁 × 𝑁 and cij indicates 
the comparative significance of criterion i with respect to criterion j. The variable cij = 1 
when i = j and 𝑐𝑗𝑖 = 1/𝑐𝑖𝑗. The pair-wise comparison matrix (C1) of the criteria is shown 
below: 
𝐶1 = [
1 𝑐12 … 𝑐1𝑁
𝑐21 1 … 𝑐2𝑁
… … 1 …
𝑐𝑁1 𝑐𝑁2 … 1
] 
The importance and normalised weight of the ith criterion (Wi) is specified by computing 
the geometric average of the ith row of the matrix (GMi). The geometric average of rows 
is then normalised as follows: 













To examine the consistency in the decision of the pair-wise comparison, the consistency 
ratio (CR) and consistency index (CI) are computed using Equation 5-7, where λmax 
represents the highest eigenvalue and RCI is the index of random consistency, as defined 
by Table 5-3. 
Table 5-3 Random inconsistency indices (RCI) 
for alternatives numbers [15] 
  
N 1 2 3 4 5 6 7 8 9 











The decision is assumed to be stable and acceptable when the value of CR is less than or 
equal to 0.1. An assumption needs to be made when the entries of the pair-wise 
comparison matrix lead to a CR value above 0.1 (Table 5-6).     
Step 5: The normalised weighted value of υij is computed as shown below:  
𝑣𝑖𝑗 = 𝑊 × 𝑟𝑖𝑗𝑗 = 1, … …, mi = 1, … …, n (5-8)  
where Wi is the weight of the ith criterion. 




Step 6: The positive and negative ideal solutions are specified using the formula shown 
below:  
𝐴+ = {𝑣𝑖
+, … … , 𝑣𝑛
+} = {(𝑚𝑎𝑥𝑗 𝑣𝑖𝑗/𝑖 𝜖 𝐼), (𝑚𝑖𝑛𝑗 𝑣𝑖𝑗/𝑖 𝜖 𝐽)} (5-9) 
𝐴− = {𝑣𝑖
−, … … , 𝑣𝑛
−} = {(𝑚𝑖𝑛𝑗 𝑣𝑖𝑗/𝑖 𝜖 𝐼), (𝑚𝑎𝑥𝑗 𝑣𝑖𝑗/𝑖 𝜖 𝐽)} (5-10)  
where I is related to the benefit criterion and J is related to the cost criterion. 
Step 7: The measure of separation, which is determined using the distance of the n-










, 𝑗 = 1, 2, … , 𝑚  (5-11)  
𝑑𝑗






, 𝑗 = 1, 2, … , 𝑚  (5-12)  







−   𝑗 = 1, … … , 𝑚 (5-13)  
where 𝑑𝑗
− ≥ 0 and 𝑑𝑗
+ ≥ 0 and Rj ∈ [0, 1] 
The separation of each alternative solution by specifying the negative (A-) and positive 
(A+) ideal solutions was then calculated using Equations 5-9 and 5-10 (Figure 5-5 and 
Table A3.4 of Appendix 3). The RC of different alternatives (Rj) to the ideal solution (Aj) 
was then calculated using Equation 5-13. The level of RC of the calculated value to the 
ideal solution, abbreviated as Rj, was used to rank the preference of all alternatives. 
Step 9: Final alternatives are ranked in decreasing order with respect to the Rj value. The 
highest ranking alternative in the list is the preferred one, and the overall desirability (D) 
of the length blends is finally determined. 
MINITAB 2000 software (Windows Release 13) was used to determine the correlation 
between different parameters [285]. Tukey’s honest significant different (HSD) test was 
applied to evaluate mean difference values for all blends. The average intensity scores for 
properties assessed using the Sirolan-YarnspecTM software were correlated with the fibre 
properties within the fibre length-diameter blend groups using partial least-squares (PLS) 
regression using XLSTAT [286]. The significance level was set to P < 0.05 for all 
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analyses. The contour schemes generated from the predicted equations were ranked to 
obtain the best possible range for each yarn property using MINITAB. Optimisation 
analyses were performed using MATLAB and MINITAB.   
5.3 Results and discussion 
5.3.1 Effect of the blending on the fibre properties 
 
The results of the statistical analysis of the fibre properties for the studied length groups 
are listed in Table 5-4. Compared to fibres selected from the short length groups, fibres 
from the long length groups tended to have a greater mean fibre diameter for the ASFW 
(17.2 µm; P < 0.05; 31.2 % changes) and IMC (17.7 µm; P < 0.05; 18.8 % changes) fibres. 
Table 5-4 also shows that an increase in the fibre length and diameter resulted in a 
decrease in the fibre strength (see details were given regarding these measurements in 
Chapter 3). This is due to the existence of weak points and an increase in the CVD along 
a single fibre length. For the groups containing more long fibres, the data suggest that the 
fibres have a likelihood of breaking at their thinnest point. However, the shorter fibres are 
more uniform, and therefore, the fibres are likely to break where defects in the structure 
exist [265]. 
Figure 5-4 and Table A3.1 of Appendix 3 show ternary-contour plots indicating the effects 
of blended fibre length-diameter groups on various properties of the fibres. The findings 
show that after blending longer fibres with shorter ones, the fibre diameter decreased 




Table 5-4 Summary of statistical analysis of ASFW and IMC fibre properties 
















ASFW length blends         
Long group A 137 ≤ L ≤ 111 17.2 94.9 10.6 48.9 11.20 3.60 355.40 
Medium group B 110 ≤ L ≤ 86 15.1 82.0 10.8 48.1 10.90 3.50 370.70 
Short group C 85 ≤ L ≤ 62 13.1 69.9 10.3 47.3 10.30 3.20 377.30 
% Change/p -23.8** -26.3** -2.8NS -3.3NS -8.0NS -11.1NS 6.16NS 
R -0.83 -0.99 -0.65 -0.41 -0.56 -0.48 0.51 
IMC length blends  
Long group A 85 ≤ L ≤ 67 17.7 72.9 7.9 46.1 13.90 4.80 312.60 
Medium group B 66 ≤ L ≤ 48 16.2 57.6 8.2 44.8 13.40 4.40 311.00 
Short group C 47 ≤ L ≤ 33 14.9 42.8 8.3 43.5 10.80 3.20 353.30 
% Change/p -15.8** -41.3** 5.1 NS -5.6NS -22.3** -33.3** 13.0** 
R -0.90 -0.98 -0.43 -0.30 -0.85 0.90 0.58 
NS: not significant; ** Significant at P < 0.05 
 
The blends with a higher fraction of shorter fibres were composed of finer fibres with 
lower variance, when compared to the blends with a higher fraction of longer fibres. The 
lowest MFD and MFL values were observed for blend 3, with 100% short fibres, and 
blend 6 containing 25% medium and 75% short groups. The CVD of the blended groups 
tended to decrease from the singular to ternary blends, which may be due to the 
corresponding reduction in MFD. These results show that the short group had the largest 
influence on the fineness of the blend samples, followed by the medium group. Thus, fibre 
properties of the blends consisting of mostly short and medium groups were found to be 




Figure 5-4 Ternary contour plots showing the effect of the blending on MFD, 
MFL, and CVD values. (a) ASFW and (b) IMC 
 
5.3.2 Effect of blending on the predicted yarn properties 
 
To further explore the impact of the fibre blending on yarn properties, the Sirolan-
Yarnspec™ software [281] was used to predict the final yarn properties when the fibre 
properties were changed as a result of the blending (Figure 5-4 and Table A3.1 of 
Appendix 3). Ternary contour plots were created for the respective models to compare 
mean values of eight predicted yarn properties for the blended groups (Figure 5-5 and 
Table A3.2 of Appendix 3). The contour plots showed that yarn tenacity (YT; cN/tex), 
elongation (ELO; %), unevenness (CV; %), and hairiness parameters behaved 
symmetrically when the fractions of all three length groups were equal. It can be seen in 
Figure 5-5 and Table A3.2 of Appendix 3 that, for the ASFW fibre, the predicted values 
of yarn unevenness, hairiness, and ends-down (EDMSH) were lower, while tenacity and 
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elongation were higher, than those for the IMC fibres for all blends. The predicted yarn 
properties of the singular blends showed more variability than the binary and ternary 
blends (Figure 5-5 and Table A3.2 of Appendix 3). This result was expected due to the 
significant difference (P < 0.05) in the quality of the blends analysed using the Sirolan-
YarnspecTM software. Table 5-5 shows the predicted models, regression coefficient 
significance, and R2 values obtained for the fifteen fibre length-diameter blends. These 
values were important for indicating the significance of the equations and models 
developed during the experimental design. The results indicate that the linear terms in all 
models were significant (P < 0.05).  
The R2 values of the predicted quadratic design models were higher than 0.75 for ASFW 
and 0.81 for IMC, showing that they were adequate for the purpose of prediction and there 
existed a high goodness of fit of the model. Synergistic effects of the ternary blends were 
not significant in predicting yarn properties. For all models, the effects of the singular 
length groups were significant. The short and medium length groups had the largest, and 
the long group the smallest, effect on some yarn properties such as yarn evenness, tenacity 
and hairiness (Figure 5-5 and Table A3.2 of Appendix 3). Yarn unevenness scores for 
both ASFW and IMC were lower at the points nearest to the short vertex and medium 
edge, showing that the better length-diameter blends were those containing a mixture of 
short and medium groups, probably because of the synergistic effects of the medium 
length fibres on the yarn parameters. The results in Figure 5-5 and Table A3.2 of 
Appendix 3 also show that blends with higher amounts of finer fibres have less neps and 





Figure 5-5 Ternary contour plots of the fibre length blends and their effects on 
the predicted properties of ring spun yarn. (a) ASFW and (b) IMC 
 
The partial least-squares (PLS) regression loading plots (Figure 5-6 and Table A3.3 of 
Appendix 3) show that MFD, MFL, and CVL were highly correlated. However, the CVD 
values were not correlated with any of these parameters. Correlations between the fibre 
diameter profiles and yarn unevenness parameters were also positively significant, where 




Table 5-5 SLMD predicted models for fibre and yarn properties for the 
three length groups (A, long; B, medium; C, short) 
Parameter SLMD predicted models R2 
ASFW 
MFD (µm) 𝑌 = 17.17𝐴∗∗ + 15.10𝐵∗∗ + 13.10𝐶∗∗ − 0.19𝐴𝐵 − 1.10𝐴𝐶∗∗ − 0.47𝐵𝐶∗∗
− 1.30𝐴𝐵𝐶 
0.99 
MFL (mm) 𝑌 = 94.85𝐴∗∗ + 81.99𝐵∗∗ + 69.94𝐶∗∗ − 1.72𝐴𝐵∗∗ − 7.63𝐴𝐶∗∗ − 1.92𝐵𝐶∗∗
− 0.65𝐴𝐵𝐶 
0.99 





𝑌 = 14.75𝐴∗∗ + 13.44𝐵∗∗ + 12.15𝐶∗∗ − 1.04𝐴𝐵∗∗ − 1.52𝐴𝐶∗∗ − 1.17𝐵𝐶∗∗
− 0.08𝐴𝐵𝐶 
0.99 
Hairiness 𝑌 = 3.19𝐴∗∗ + 3.13𝐵∗∗ + 2.98𝐶∗∗ + 0.02𝐴𝐵 + 0.09𝐴𝐶 − 0.05𝐵𝐶
+ 0.14𝐴𝐵𝐶 
0.95 
YT (cN/tex) 𝑌 = 8.12𝐴∗∗ + 8.40𝐵∗∗ + 8.67𝐶∗∗ + 0.22𝐴𝐵∗∗ + 0.32𝐴𝐶∗∗ − 0.25𝐵𝐶∗∗ 0.99 
ELO (%) 𝑌 = 22.43𝐴∗∗ + 24.30𝐵∗∗ + 26.05𝐶∗∗ + 1.60𝐴𝐵∗∗ + 2.20𝐴𝐶∗∗ + 1.69𝐵𝐶∗∗
− 0.11𝐴𝐵𝐶 
0.99 
EDMSH 𝑌 = 3.85𝐴∗∗ + 3.67𝐵∗∗ + 3.60𝐶∗∗ − 0.55𝐴𝐵∗∗ − 0.70𝐴𝐶∗∗ − 0.55𝐵𝐶∗∗
− 0.01𝐴𝐵𝐶 
0.78 
IMC                                   
MFD (µm) 𝑌 = 17.69𝐴∗∗ + 16.20𝐵∗∗ + 14.90𝐶∗∗ − 0.07𝐴𝐵 − 0.47𝐴𝐶∗∗ − 0.24𝐵𝐶∗∗
− 0.53𝐴𝐵𝐶 
0.99 
MFL (mm) 𝑌 = 72.72𝐴∗∗ + 57.58𝐵∗∗ + 42.97𝐶∗∗ − 3.04𝐴𝐵∗∗ − 16.01𝐴𝐶∗∗ − 4.78𝐵𝐶∗∗
− 0.30𝐴𝐵𝐶 
0.99 





𝑌 = 14.64𝐴∗∗ + 13.85𝐵∗∗ + 13.14𝐶∗∗ − 0.42𝐴𝐵∗∗ − 0.36𝐴𝐶∗∗ − 0.42𝐵𝐶∗∗
− 0.02𝐴𝐵𝐶 
0.99 
Hairiness 𝑌 = 3.93𝐴∗∗ + 4.00𝐵∗∗ + 4.00𝐶∗∗ + 0.11𝐴𝐵∗∗ + 0.56𝐴𝐶∗∗ + 0.21𝐵𝐶∗∗
− 0.34𝐴𝐵𝐶 
0.91 
YT (cN/tex) 𝑌 = 7.37𝐴∗∗ + 7.42𝐵∗∗ + 7.40𝐶∗∗ + 0.05𝐴𝐵 − 0.10𝐴𝐶∗∗ − 0.04𝐵𝐶∗∗
+ 0.45𝐴𝐵𝐶 
0.88 
ELO (%) 𝑌 = 18.72𝐴∗∗ + 19.28𝐵∗∗ + 19.29𝐶∗∗ + 0.46𝐴𝐵∗∗ + 0.29𝐴𝐶∗∗ + 0.49𝐵𝐶∗∗
+ 1.12𝐴𝐵𝐶 
0.94 
EDMSH 𝑌 = 5.44𝐴∗∗ + 6.17𝐵∗∗ + 7.66𝐶∗∗ − 0.28𝐴𝐵∗∗ + 0.15𝐴𝐶∗∗ − 0.30𝐵𝐶∗∗ −
0.04𝐴𝐵𝐶  
0.99 
** Statistically-significant (P < 0.05) 
The loading plot also shows that fibre diameter profiles and yarn unevenness parameters 
(thin and thick places, CV%, and neps) explain most of the variations in the resultant 
yarns, followed in significance by variations in yarn tenacity and elongation. Additionally, 
it can be seen that blends 1, 4, 7, 10, 12, and 15 were more closely associated with all of 
the yarn unevenness parameters (CV%, thin and thick places, and neps) and less 
associated with yarn tenacity and elongation than the other blend groups. Other studies 
[10, 15] have reported that yarn unevenness decreased as the number of fibres in the yarn 
cross section increased, but increased with increasing fibre fineness. The yarn unevenness 




Higher yarn tenacity and elongation and lower unevenness preference scores were given 
to the ASFW blends 3, 6, and 9, for which the short and medium groups were present at 
maximum frequency and the long group was absent. However, the IMC blend 2, in which 
the medium group was present at the maximum frequency, received higher tenacity scores 
(Figure 5-5 and Table A3.2 of Appendix 3). This is simply because the group with only 
short fibres (blend 3) had the lowest MFD compared to the other length groups. The yarn 
tenacity and elongation scores increased towards the short vertex and decreased toward 
the long vertex (Figure 5-5a and Table A3.2 of Appendix 3). The highest tenacity for the 
IMC fibres was found at the medium vertex (Figure 5-5b and Table A3.2 of Appendix 3). 
As expected, yarn tenacity and elongation parameters were strongly correlated with each 
other and were negatively correlated to yarn evenness parameters and fibre properties, 
except for CVD (Figure 5-6 and Table A3.3 of Appendix 3). Overall, larger differences 
among fibres and predicted yarn properties allowed the differences between the blends to 
be determined more easily. All singular, binary, and tertiary blends, which were 
characterised by higher values of MFD, MFL, and CVD, formed a cluster of less 
unevenness and tenacious yarns. Length-diameter blends 3, 5, 6, 9, 11, and 13 were more 
closely associated with yarn tenacity and elongation and less associated with the yarn 
unevenness parameters than the other groups. Uniform fibres were found to produce 
highly tenacious yarns because the slipping resistance increases due to higher fibre-to-
fibre friction [13]. The effect of the CVD value on yarn strength seems to be predicted by 
the unevenness formula (referring to an equation regarding unevenness) [12]. An influence 
of hauteur and evenness on tenacity has been reported by Yang (1993) [15] and Lamb 
(1992) [16]. According to Lamb and Yang (1996), the effect on the yarn tenacity of a 1 
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µm alteration in mean fibre diameter is roughly equivalent to a 10 mm hauteur change for 
a fine yarn [5]. 
The predicted hairiness (h value) and EDMSH for ASFW and IMC fibres gradually 
increased from singular to ternary blends. The short group (Blend 3) showed higher yarn 
hairiness and EDMSH values than the other length groups. The difference in hairiness 
between the length blends may be directly due to the differences in fibre lengths and short 
fibre content. Hairiness and EDMSH values were in contrast to MFD, MFL, CVL, and all 
yarn unevenness parameters (Figure 5-6 and Table A3.3 of Appendix 3). The variations 
in hairiness and EDMSH of the yarn are due to changes in the length and uniformity of 
the fibres. Our results support the findings of other researchers who concluded that an 
increase in the length of the fibre reduces the hairiness of the yarn [5, 7]. In addition, the 
reduction in the bundle tenacity of shorter wool fibres can explain the increase in ends-
down values for short fibres. The fibre diameter is vital for determining the hairiness of 
the yarn and the spinning ends-down for a given Yarn Tex [8, 9]. Moreover, the effect of 
the CVD value on the ends-down in spinning is limited.   
The results in Figure 5-6 and Table A3.3 of Appendix 3 also show that the blends could 
be easily distinguished from their fibre properties. Thus, the length-diameter blends 
shown in the left-hand-side of the PLS bi-plot (consisting of mostly short and medium 
groups) had the best preference values in terms of uniformity and tenacity, while blends 
with more long fibres were the least optimal. It should be remembered that some yarn 
properties, including hairiness, EDMSH, and fibre length distribution, play an important 
role in yarn quality. Hence, it is hard to effectively optimise a perfect combination of fibre 
length and diameter to simulate premium quality yarns considering specific yarn property 
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values. Therefore, an optimisation method was used to evaluate all final blended yarn 
properties and the overall yarn quality scores.  
 
Figure 5-6 Partial least-squares (PLS) regression correlation bi-plots of fibre 
length blends. (a) ASFW and (b) IMC 
5.3.3 Optimisation using AHP-TOPSIS 
The yarn unevenness, thin places, thick places, hairiness, neps, tenacity, elongation, and 
EDMSH were weighted in the TOPSIS evaluation. An analytical hierarchy was employed 
to determine the relative weights of these eight decision criteria. This was done in 
accordance with the relative significance of the yarn properties, as shown in Table 5-6. A 
comparison was performed on the basis of the Saaty’s nine-point scale, as shown in Table 
5-2. The scores shown in Table 5-6 are the relative importance of each property of the 
yarn, as perceived by the method of multi-criteria decision-making. In this study, 
unevenness and EDMSH were considered more important than the other properties of the 














CV % 1 9 9 9 5 7 7 2 
Thin/km 1/9 1 1 1 1 1/7 1/7 1/9 
Thick/km 1/9 1 1 1 1 1/7 1/7 1/9 
Neps/km 1/9 1 1 1 1 1/7 1/7 1/9 
Hairiness 1/5 1 1 1 1 1/7 1/7 1/9 
YT (cN/tex) 1/7 7 7 7 7 1 1 1/7 
ELO (%) 1/7 7 7 7 7 1 1 1/7 
EDMSH 1/2 9 9 9 9 7 7 1 
Criteria 
weights 
0.350 0.025 0.025 0.025 0.027 0.115 0.115 0.317 
 
The quality score of the fibre length-diameter blend distribution (B-QSDis) and the total 
yarn quality score (YQSt) are shown in descending order in Table 5-7. Contour profiling 
was used to compare the properties of the best and worst alternative solutions, as well as 
the optimal length-diameter blend of ASFW and IMC fibres for different combinations of 
fibre lengths (Figure 5-7). The results show that length-diameter blends 2, 11, and 14 were 
the best alternatives according to the YQSt values obtained using the AHP-TOPSIS 
method, resulting from their high scores in the ranking of yarn properties and B-DS. These 
groups contained a high fraction of medium-length fibres with a low MFD. On the other 
hand, although length-diameter blends 6, 7, 13, and 15 achieved a high score in the 
ranking of yarn properties, their B-QSDis values were low, and hence they ranked around 
the middle of the list. The least preferred groups were length-diameter blends 1, 3, 8, 5, 










RC B-QSDis YQSt  IMC length-diameter 
blends 
RC B-QSDis YQSt 
W11 0.88 7.75 10.00  C2 0.62 10.00 10.00 
W2 0.47 10.00 8.54  C11 0.65 7.75 9.08 
W14 0.76 6.21 8.00  C4 0.59 9.16 9.05 
W9 0.84 5.50 7.78  C14 0.60 6.91 7.54 
W6 0.94 3.25 7.66  C7 0.56 8.33 7.48 
W13 0.88 3.96 7.19  C9 0.62 5.50 7.02 
W7 0.51 6.91 6.83  C10 0.52 7.49 5.24 
W4 0.45 8.46 6.56  C15 0.52 6.08 4.89 
W15 0.69 4.66 6.22  C13 0.57 4.66 4.76 
W5 0.81 1.71 4.69  C6 0.57 3.25 4.19 
W8 0.72 2.41 4.61  C3 0.61 1.00 3.20 
W12 0.51 3.12 3.61  C1 0.45 6.65 1.47 
W10 0.31 5.37 3.08  C12 0.47 5.24 1.15 
W3 0.63 1.00 2.91  C5 0.51 2.41 1.02 
W1 0 3.82 1.00  C8 0.50 3.83 1.00 
 
Finally, the overall desirability (D) was found to be 0.13 and 0.16, for ASFW and IMC 
fibres respectively, based on single D values with the range of 0.005 to 0.97 for ASFW 
and 0.009 to 1.0 for IMC blends. From these values, the optimal length-diameter blend 
was 59.6% medium, 40.4% short, and 0% long for ASFW and 64.65% medium, 35.35% 
short, and 0% long for IMC (Figure 5-8), supporting previous results that showed that the 
medium group was the most preferred length-diameter group to produce blends which 




Figure 5-7 Comparison of the best and worst alternative 
length-diameter blends for (a) ASFW and (b) IMC fibres 
 
The fibre and yarn properties for both the studied OFM and the optimal fibre length-
diameter blends are listed in Table 5-8. The results show that after optimising the blend, 
the fibre diameter decreased significantly (2.0 ± 0.4 µm) for ASFW and IMC, from 15.4 
to 13.5 µm and 16.5 to 15.5 µm, respectively. The optimised length-diameter blend was 
composed of finer fibres compared to the OFM group. The optimised blend was selected 
as the best choice and had the highest YQSt values. Additionally, the OFM group achieved 
a high length distribution score, but its ranking for all yarn properties was the lowest and 
hence had the lowest preference. It can be concluded that the optimised blend resulted in 
superior yarns compared to the OFM group, demonstrating that the methods presented 
here are effective in predicting yarn quality improvements. 
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Table 5-8 Properties of the optimal fibre blends and the resulting yarns 
  ASFW  IMC 
 OFM 
 
The best blend  % Change/p  OFM 
 




MFD (µm) 15.4 13.5 12.34  16.5 15.5 6.06 
MFL (mm) 84 75 10.71  60.8 53 12.83 
CVD (%) 10.4 9.5 8.65  8.3 6.3 24.10 
CVL (%) 50.4 47.9 4.96  45.1 44.4 1.55 




CV % 13.73 12.4 9.69  14.09 13.4 4.90 
Thin/km 11 3 72.73  15 9 40.00 
Thick/km 3 1 66.67  6 4 33.33 
Neps/km 4.97 4.2 15.49  6.98 6.7 4.01 
Hairiness 2.36 3.08 30.51  3.34 4.05 21.26 
YT 
(cN/tex) 
8.34 8.6 3.12  7.39 7.4 0.14 
ELO (%) 23.9 26 8.79  19.14 19.4 1.36 
EDMSH 3.63 3.53 2.75  6.04 6.49 7.45 
 YQSt 1.0 10.0   1.0 10.0  
 
 
Figure 5-8 Optimal length-diameter blend ratios of (a) ASFW and (b) 
IMC fibres 
5.4 Conclusions 
The quality of the final yarn is a key factor in the fibre-to-yarn production process. 
Optimal animal fibre length-diameter blends were determined based on predicted ring 
spun yarn properties. The effect of the fibre length-diameter blends on the yarn properties 
was assessed using the simplex lattice mixture design method. It is observed that 
156 
 
simultaneous changes in animal fibre diameter and length significantly affected key 
properties of the corresponding yarns. Moreover, AHP-TOPSIS evaluations showed that 
the combination of medium and short length-diameter groups performed better than the 
other groups in terms of the predicted key quality factors of the final yarns. The optimal 
length-diameter blend was found to be 59.6% medium, 40.4% short, and 0% long for 
ASFW and 64.65% medium, 35.35% short, and 0% long for IMC, based on high scores 
in the ranking of yarn properties and their B-DS. The effective methods are demonstrated 











CHAPTER 6: DETERMINATION OF AN OPTIMAL 
ANIMAL FIBRE LENGTH-DIAMETER USING A DATA 




One of the important processes in the textile industry is spinning. The quality of the 
resulting yarn is very important in determining possible applications and is influenced by 
the individual fibre properties, yarn specifications, and spinning parameters. With respect 
to the fibre properties, the most important factors are the average fibre diameter followed 
by the fibre length. Both of these fibre characteristics affect yarn properties including the 
unevenness (CV %), number of thin areas, hairiness (h value), YT (cN/tex), ELO (%), 
and EDMSH [5]. Other important properties of a fibre for yarn making are its strength 
and the statistical distribution of the diameters [272]. 
Various software packages have been created for monitoring the spinning performance 
and controlling the yarn properties for different fibre and processing conditions. The 
Sirolan-YarnspecTM software, developed by CSIRO, integrates algorithms and theories 
relating to the mechanisms behind the yarn properties to predict spinning performance 
and yarn quality [5, 287]. The predicted yarn properties can benefit yarn mills by 
enhancing process efficiency and quality of the products. It is preferable that both a 
prediction of yarn properties and an optimization of the fibre properties to achieve such 
yarn characteristics are provided by the software. An optimization process requires input 
regarding the processing conditions and fibre properties to calculate the optimal yarn 
quality. Optimization methods using genetic algorithms (GA) [288, 289] need a fitness 
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function that cannot be provided by the Sirolan-YarnspecTM software. Artificial neural 
networks (ANN) have been used for modelling the fibre-to-yarn production process as an 
alternative prediction method to provide a fitness function for use in a GA. ANNs is 
widely used in optimizing the fibre-to-yarn process, but they require significant amounts 
of input data, have a time-consuming learning phase, and are unable to predict some yarn 
properties (such as spinning ends-down) that are multivariable parameters [288-290].  
In summary, the aim of this chapter was to identify the optimal animal fibre length-
diameter resulting in yarns with superior quality. The fibre properties were optimized 
using developed prediction regression equations combined with a GA and then used to 
estimate yarn properties. The models require a small amount of data, which is available 
for the yarn properties, and provide information about the relative importance of the 
independent and dependent variables. This work is novel in that all yarn properties were 
simultaneously predicted and optimized and the overall optimal solution was reached 
using regression models and GA. This technique has not been applied for such purposes 
previously. Additionally, this study identified which characteristics of the fibre are the 
most important for modelling the actual fibre-to-yarn production.  
6.2 Materials and methods  
Figure 6-1 shows a flowchart of the optimization of the fibre-to-yarn process based on 
data fitting regression models and a GA. Fitting regression equations for each yarn 





Figure 6-1 Fibre length optimization process based on regression models 
and a genetic algorithm (GA) 
 
6.2.1 Model development process for the yarn properties 
6.2.1.1 Data set construction 
A large data set (a total of 106 data corresponding to each fibre property) was randomly 
chosen for the fitness equations for the yarn properties. Each data set contained both the 
randomly generated inputs and corresponding Sirolan-YarnspecTM predicted outputs. The 
following important fibre properties, MFD (µm), MFL (mm), CVD (%), and CVL (%), 
were used to predict the yarn properties and fed into the Sirolan-YarnspecTM software. 
Additional yarn properties, of which unevenness, tenacity, and ends-down were the most 
important, served as the “targets” of spinning performance outputs. Due to the large 
number of processing properties and yarn specifications, which are rarely optimized, the 
default settings in Sirolan-YarnspecTM software were used. Table 6-1 shows the dataset 
used to develop the fitting regression models for yarn properties. Finally, the actual yarn 




Table 6-1 The dataset used to develop the fitting regression models 
 
Variable inputs   Constant inputs  
Fibre properties Range Mean Fibre properties  
MFD (µm)  10 - 25 17 FBT (cN/tex)  10.01 
CVD (%) 10 - 20 15 C (˚/mm) 103.2 
MFL (mm) 50 - 150 100 %<30 mm  7 
CVL (%) 45 - 55 50   
Constant inputs    Output  
Yarn specification  Processing information     
YCT  20.13 DY N/A CV % 
TA (t.p.m) 569 SP  N/A N (Number of fibres in yarn cross sec) 
Nm  49.70 Recombed  N/A Index of irregularity 
Tw factor  80.7 Backwashed  N/A Thin places per kilometer (-50%) 
  Spinning speed (rpm)  6000 Thick places per kilometer (-50%) 
  S-draft  16 Nep per kilometer (+200%) 
  RS (cm)  4.5 YT (cN/tex) 
  TW (g)  0.0251 ELO (%) 
  Traveller No  33 Ends-down per 1000 spindle hours (EDMSH) 
 
 
6.2.1.2 Development of yarn property regression equations 
Currently, no precise mathematical model for predicting yarn properties exists. Due to the 
number of parameters required for the input and output data and their complex interaction, 
it is highly unlikely that an exact mathematical model will be developed in the near future. 
Therefore, in this study, regression equations were proposed for developing eight 
predictive models that approximate yarn properties by fitting 106 data sets and inputting 
the results into the Sirolan-YarnspecTM software. The index of irregularity, thin and thick 
places, neps, YT (cN/tex), ELO (%), hairiness (h value), and EDMSH were considered as 
linear functions of the independent variables (Equations 6-1 to 6-8).   
The yarn irregularity increases with increasing fibre diameter. The linear density is 
inversely proportional to the mean number of fibres and the square of the fibre diameter 
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[8, 9]. A correlation established by previous studies shows that the irregularity is an 
inverse function of the average number of fibres in the yarn cross-section [11, 171]. It has 
been shown that coarser fibres are likely to produce less homogenous yarns, even at a 
constant average number of fibres in the yarn cross-section [5]. Another yarn property 
affected by the fibre diameter at a constant yarn linear density is the frequency of the thick 
and thin places, which shows an exponential increase with increasing fibre diameter [7]. 
However, when the fibres are fine, the formation of neps is likely to occur at a faster rate. 
Hence, the evenness formula includes both the thick and thin places. The effect of changes 
in CVD on yarn irregularity is so small that it can be neglected [7]. An increase in the MFL 
tends to decrease the irregularity of the yarn and the frequencies of thin and thick places. 
In most cases, an increase in the MFL results in a higher frequency of neps [15]. The 
conclusions from a study by Lamb and Yang (1998) [272] are there being no dependence 
of yarn unevenness on CVL. Thus, the initial models for the index of irregularity, thin 
places, thick places, and neps considered the conclusions from this study (Equations 6-1 
to 6-4) (see more detail about the variables/symbols in Table A4.1 of Appendix 4).  
𝐼𝑛𝑑𝑒𝑥 𝑜𝑓 𝑖𝑟𝑟𝑒𝑞𝑢𝑙𝑎𝑟𝑖𝑡𝑦 (𝐼𝑅)






𝐿𝑜𝑔10 (𝑇ℎ𝑖𝑛 𝑝𝑙𝑎𝑐𝑒)  
= 𝑎1 × 𝑀𝐹𝐷 + 𝑎2 × 𝑀𝐹𝐷
2 + 𝑎3 × 𝐶𝑉𝐷 + 𝑎4 × 𝐶𝑉𝐷
2 + 𝑎5 × 𝑀𝐹𝐿 + 𝑎6
× 𝑀𝐹𝐿2 + 𝑎7 × 𝐶𝑉𝐿 + 𝑎8 × 𝐶𝑉𝐿
2 + 𝑎9 × 𝐶𝑉% + 𝑎10 × 𝐶𝑉%
2 + 𝑎11
× 𝑌𝑇 + 𝑎12 × 𝑌𝑇
2 + 𝑎13                                                
(6-2) 
𝐿𝑜𝑔10 (𝑇ℎ𝑖𝑐𝑘 𝑝𝑙𝑎𝑐𝑒)
= 𝑎1 × 𝑀𝐹𝐷 + 𝑎2 × 𝑀𝐹𝐷
2 + 𝑎3 × 𝐶𝑉𝐷 + 𝑎4 × 𝐶𝑉𝐷
2 + 𝑎5 × 𝑀𝐹𝐿 + 𝑎6
× 𝑀𝐹𝐿2 + 𝑎7 × 𝐶𝑉𝐿 + 𝑎8 × 𝐶𝑉𝐿
2 + 𝑎9 × 𝐶𝑉% + 𝑎10 × 𝐶𝑉%
2 + 𝑎11
× 𝑌𝑇 + 𝑎12 × 𝑌𝑇
2 + 𝑎13 
(6-3) 
 






When the diameter of a fibre increases, the yarn breaking strength decreases due to an 
increase in yarn irregularity and a decrease in fibre-to-fibre surface contact [12, 13]. Yarn 
elongation also decreases with increasing fibre diameter. It is important to understand that 
yarn tenacity is significantly dependent on yarn evenness [14]. Spencer-Smith (1947) 
proposed a model which provides a linear relationship between tenacity and fibre 
evenness when the strength of the neighbouring section of yarn over which the length is 
correlated is constant [12]. With an increase in MFL, the worsted yarn breaking strength 
and elongation have been shown to improve [15, 16]. This improvement will depend on 
the yarn linear density and the twist factors. Tenacity is also dependent on the MFD and 
MFL for yarns with a constant twist [13]. A high CVL is generally correlated with a large 
fraction of short fibres, hence, according to the helical structure model of yarn, reduced 
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yarn strength is observed with increasing CVL. Higher staple strengths also result in less 
breakage during processing and produce longer and squarer tops with less noil [7]. It has 
been confirmed experimentally that yarn strength is proportional to fibre strength [5]. 
Therefore, the initial models for the tenacity and elongation (Equations 6-5 and 6-6, 
respectively) are based on the theoretical background of the corresponding yarn properties 





) = 𝑎1 + 𝑎2 × 𝑀𝐹𝐷 + 𝑎3 × 𝐶𝑉𝐷 + 𝑎4 × 𝑀𝐹𝐿 + 𝑎5 × 𝐶𝑉𝐿 + 𝑎6 ×
𝑀𝐹𝐷
𝑀𝐹𝐿
+ 𝑎7 × 𝐶𝑉%  
(6-5) 




In addition, the thickness of the fibre is directly proportional to the hairiness of the yarn, 
implying that thick fibres make the yarn hairier. An increase in fibre length generally 
reduces yarn hairiness [287]. Furthermore, it has been shown that the CVD has a small, 
but statistically significant, effect on the ends-down [7]. This effect has been predicted 
using the evenness formula, which depends on the number of fibres in the yarn cross-
section [5]. The observed reduction (of about 15%) in the bundle tenacity of shorter wools 
can explain the increase in ends-down at short hauteur. Spinning ends-down and yarn 
unevenness can be expected to rise rapidly at MFL values below 55 to 60 mm, since the 
wool is becoming too short for fibre control on the worsted system [7]. The initial models 
for the hairiness and EDMSH (Equations 6-7 and 6-8, respectively) based on the literature 
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discussed here, are written as follows (see more detail about the variables/symbols in 
Table A4.1 of Appendix 4): 
 
𝐻𝑎𝑖𝑟𝑖𝑛𝑒𝑠𝑠 = 𝑎1 + 𝑎2 × 𝑀𝐹𝐷 + 𝑎3 × 𝐶𝑉𝐷 + 𝑎4 × 𝑀𝐹𝐿 + 𝑎5 × 𝐶𝑉𝐿 (6-7) 
 




× 𝑁 + 𝑎8 × 𝐼𝑅 + 𝑎9 × 𝐶𝑉% + 𝑎10 × 𝑌𝑇 + 𝑎11 × 𝐸𝐿𝑂 + 𝑎12
× 𝑇ℎ𝑖𝑛 𝑝𝑙𝑎𝑐𝑒 + 𝑎13 × 𝑇ℎ𝑖𝑐𝑘 𝑝𝑙𝑎𝑐𝑒 + 𝑎14 × 𝑁𝑒𝑝𝑠 
(6-8) 
 
In the next step in the process, curve fitting of the yarn properties is performed using 
MATLAB for 106 rows of data output from the Sirolan-YarnspecTM software. The 
residual error and coefficients of variables (a1 - a14) for all initial fitting regressions were 
obtained, as shown in Table A4.1 of Appendix 4. The fitting for Log10 (neps) failed. 
Because this fitting failed, four different powers (β) for each independent variable were 
examined. In the initial model for neps, B refers to the variable and β was −1, −0.5, 0.5, 
or 2 (Table A4.2 of Appendix 4). Curve fitting was undertaken for all possible 
combinations and the lowest residual error was obtained when B = “number of fibres in 
cross section” and β = -0.5. Low residual errors were also observed for MFD, CVD, MFL, 
and CVL. Therefore, there was no need to add further fitting terms shown in (Table A4.2 
of Appendix 4).  
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Finally, the independent variables with negligible coefficients were eliminated from the 
initial models to reduce redundancy and those with statistically significant coefficients 
were included in the final models for the yarn properties, as shown by Equations 6-9 to 6-
16. 
 𝑌𝑎𝑟𝑛 𝑒𝑣𝑒𝑛𝑛𝑒𝑠𝑠 (𝐶𝑉%) = 𝐼𝑅 × 𝐶𝑉𝑀𝑎𝑟𝑡𝑖𝑛𝑑𝑎𝑙𝑒 (6-9) 
𝑁𝑢𝑚𝑏𝑒𝑟 (𝑁) = 𝑌𝐶𝑇 × 972/((0.0001 × 𝐶𝑉𝐷
2 + 1) × 𝑀𝐹𝐷2  
𝐼𝑛𝑑𝑒𝑥 𝑜𝑓 𝑖𝑟𝑟𝑒𝑔𝑢𝑙𝑎𝑟𝑖𝑡𝑦 (𝐼𝑅) = 1.2817 − 0.0018 × 𝑀𝐹𝐿 + 0.0007 × 𝑁 
𝐶𝑉𝑀𝑎𝑟𝑡𝑖𝑛𝑑𝑎𝑙𝑒 = 100 ×











𝑇ℎ𝑖𝑛 𝑝𝑙𝑎𝑐𝑒 = 10(−0.00103×𝑀𝐹𝐿+0.00215×𝐶𝑉𝐿+0.808×𝐶𝑉%−0.0165×𝐶𝑉%
2−6.96) (6-10) 












) = 11.8626 − 3.0503 × (
𝑀𝐹𝐷
𝑀𝐹𝐿
) − 0.2153 × 𝐶𝑉% 
(6-13) 
𝐸𝐿𝑂(%) = −12.4 + 4.93 × 𝑌𝑇 − 0.3524 × 𝐶𝑉% (6-14) 
𝐻𝑎𝑖𝑟𝑖𝑛𝑒𝑠𝑠 ≈ 2.2524 + 0.2144 × 𝑀𝐹𝐷 + 0.0162 × 𝐶𝑉𝐷 − 0.0284 × 𝑀𝐹𝐿




𝐸𝐷𝑀𝑆𝐻 ≈ 7.3980 − 0.3383 × 𝑀𝐹𝐷 − 0.0218 × 𝐶𝑉𝐷 + 0.0255 × 𝑀𝐹𝐿
− 0.0033 × 𝐶𝑉𝐿 + 14.6335 ×
𝑀𝐹𝐷
𝑀𝐹𝐿
− 0.0001 × 𝑛 + 7.9686 × 𝐼𝑅
− 0.6090 × 𝐶𝑉% + 3.7048 × 𝑌𝑇 − 1.4414 × 𝐸𝐿𝑂 + 0.0008
× 𝑇ℎ𝑖𝑛 𝑝𝑙𝑎𝑐𝑒 + 0.0769 × 𝑇ℎ𝑖𝑐𝑘 𝑝𝑙𝑎𝑐𝑒 − 0.1243 × 𝑁𝑒𝑝𝑠 
(6-16) 
6.2.1.3 Validation of fitting regression equations 
In order to validate the ability of fitting regression equations to predict the properties of 
yarn, the same sets of data were fed into both the Sirolan-YarnspecTM software and the 
proposed fitting regression equations. Then the predicted yarn properties from both 
systems were compared using the default setting in the Sirolan software. After validation 
of the proposed regression equations, the regression equations showed similar results to 
those from Sirolan-YarnspecTM, they were used as fitness functions for the optimization 
of the fibre length, infers an “ideal” result, using the GA. 
6.2.2 Optimization using GA  
A GA is an optimization technique inspired by the laws of natural selection and genetics 
[291]. In most cases, these methods start from a nominated solution and the algorithm 
systematically optimizes (evolves) the problem to a better solution. GAs are prone to 
finding local optima, rather than the global optimum. However, GAs can be written to 
move away from local optima using concepts of both natural selection and genetics to 
result in a high-quality optimization process [288, 289]. The GA carries out random 
examination using simplified computational methods to achieve optimum solutions. GAs 
makes use of random operators (simulating mutation) that function on existing individual 
solutions to create new populations of individuals in the examination area [291]. The use 
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of feedback functions is very complicated; hence, here a GA has been employed to 
simplify a complex problem. The core concepts employed by GAs to advance the 
potential solution are reproduction, crossover, and mutation (as explained in detail in the 
following sections). The flowchart in Figure 6-2 shows the structure of the GA model 
used.  
 
Figure 6-2 Structure of the genetic algorithm used in this study 
6.2.2.1 Reproduction 
The first step of optimization using the GA involves identification and coding of the key 
factors as genes to form a string of predictable length, known as a chromosome. To ensure 
that there is diversity in the new population, the original population of chromosomes 
should be selected randomly. Reproduction involves the copying of individual 
chromosomes based on their value of fitness, where a higher number of offspring will be 
generated for those individuals with higher fitness values. Once a chromosome has been 
identified for reproduction, a replica is extracted from it. This chromosome is then 




After random modification of the population, the GAs will attempt to develop the 
population to achieve the best solution. This crossover is carried out on two parent 
structures chosen randomly from the population. Random points along the parent 
chromosome (crossover points) are selected and designated to be combined with another 
portion of another chromosome as the point where the chromosome will be split and 
merged with that of the other parent. Therefore, the offspring acquire all the traits from 
one of the parents up to the crossover point and the remaining part of the chromosome 
from the other parent. This is how a new population with the same size as the original 
one is created. The reproduction and crossover stages give GAs a flexible path for 
directing the analysis towards values closer to the optimal one (Figure 6-3). 
6.2.2.3 Mutation 
Mutation is a simplified operation carried out on an individual in the population. It can be 
described as a random exploration of the chromosome space. When applied in a cautious 
way, it can protect the genetic structure from dying prematurely or stalling. In addition, 
the GA can also modify various traits in the new generation to imitate the effect of 




Figure 6-3 Schematic showing the crossover and mutation of genes 
as an analogue for the genetic algorithm 
 
6.2.2.4 Optimization of fibre length ranges  
Because of the multi-objective nature of this optimization, the applied GA used the 
validated regression models as fitness functions and used the input parameters from the 
fitness functions to generate a new input vector consisting of the ideal fibre characteristics 
needed to produce superior yarn quality. Based on the ideal fibre characteristics (mean 
quality metrics used to evaluate the success of the algorithm), an optimal fibre length 
range was constructed using the GA. Thus the GA and the optimal fibre characteristics 
needed to predict the properties of a premium quality yarn.  
Each GA chromosome was designed to have genes: X = [x1, x2] = [L1, L2 mm], where 
L1 and L2 are integers. L1 is the lower bound of the length range and L2 is the upper 
bound. The linear condition for the genes was L1<L2. The nonlinear condition forces 
genes to create a non-empty range according to experimental data. For wool, the minimum 
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value allowed for [L1, L2] was [62, 63 mm] and the maximum was [136, 137 mm]. For 
cashmere, the minimum value allowed for [L1, L2] was [33, 34 mm] and the maximum 
was [84, 85 mm]. The input parameters for the GA are shown in Table 6-2.  
Table 6-2 Input parameters for the genetic algorithm 
Population type Integer vector 
Population size 100 
Creation function Uniform 
Fitness scaling function Rank 
Selection function Stochastic uniform 
Crossover fraction 0.8 
Elite count 4 
Max generation 1000 
Function Tolerance 10^-6 
Mutation function  Gaussian 
  
Other important operating parameters for the GA are listed as follows: 
 The GA would stop if the best fitness did not improve for 100 generations (stall 
genetic limit = 100) 
 The maximum number of generation was 1000 (max generations = 1000) and the 
GA would stop after reaching this limit.  
 
 The best four chromosomes were guaranteed to survive for the next generation 
(elite count = 4). The elite count in the population was cloned as the first member 
of the population of the next generation (the best four chromosomes were all 
combined into one offspring).  
 
 The GA was improved by a reduction of the cost function to at least 10-6 (function 
tolerance = 10-6). The GA was searching for the highest fitness function value. 
171 
 
Because of the stochastic nature of the algorithm, the GA was run the maximum number 
of generations using MATLAB software. To evaluate the cost function, the experimental 
data within the range [L1, L2] were considered. To add the effect of the fibre length 
distribution into the cost function, a final cost depending on the distribution of the 
experimental data and primary cost was calculated. The effective MFD, MFL, and CVL 










where, 𝐻𝑀 is the harmonic mean, 𝑥𝑖 is MFD, MFL, or CVL, and 𝑝 is the fibre length 

















𝑁𝑡 = 𝑝1 ×
𝐶𝑌1
𝐶𝐹1





Finally, to compare the resulting yarn qualities from both the optimized length group and 
OFM group, the total yarn quality scores were calculated using Equations 6-19 and 6-20. 
 𝑌𝑄𝑆 = 9 × [
(𝑋𝑤−𝑋𝑖)
(𝑋𝑤−𝑋𝑏)
] + 1 (6-19) 
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where Xb is the highest value and Xw is the lowest value in the set of N samples, and w 
is the weight factor. The weight factor (relative importance) varies for different yarn 
properties depending on the yarn used. The values used in this study are shown in Table 
6-3 [277].  
Table 6-3 Weight factors for various yarn properties used to calculate the 












Weight % 30 5 5 5 5 10 10 30 
 
6.3 Results and discussion  
6.3.1 Validation of the fitting regression models  
In this study, the proposed prediction equations and algorithms were derived using a data 
set of four important inputs (MFD, CVD, MFL, and CVL) and eight outputs (yarn 
unevenness, thin places, thick places, Neps/km, YT, ELO, hairiness, and EDMSH). These 
fibre parameters were used as the data source for both prediction systems with the aim of 
validating the proposed regression models. The proposed prediction equations showed 
that the MFD and MFL were significant predictors of almost all yarn properties and could 
explain almost 84% of the variance for all predictions.  
The linear regression fits for each predicted yarn property using the proposed regression 
models vs. those given by the Sirolan-YarnspecTM software are plotted in Figure 6-4. The 
predictive power of the proposed regression models was validated. It is shown that these 
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models were a powerful data modelling tool for simulating the behaviour of yarn 
properties for a range of fibres varying in MFD (10 to 25 µm), CVD (10 to 20%), MFL 
(50 to 150 mm), and CVL (45 to 55%) for different fibre lengths. The prediction errors 
and coefficients of correlation (R2) were used as indicators of the predictive performance, 
which were used to compare the results from both the proposed regression models and the 
Sirolan-YarnspecTM software for different ASFW and IMC fibre lengths (Figure 6-4). It 
is seen that the yarn properties predicted using our regression models were very similar 
to those from Sirolan-YarnspecTM, with the R2 values being > 0.99 for all yarn properties. 
As seen in Figure 6-4, the prediction mean square errors (MSE) associated with both the 
regression models and Sirolan-YarnspecTM results were all close to zero, which verifies 
that our regression models can predict the yarn properties well. The results confirm that 
the proposed algorithms fit the data very well across a wide variety of fibre lengths for 
different properties and can accurately predict yarn properties with low MSE and high R2 
values. Thus, the proposed prediction regression may provide a more accurate prediction 




Figure 6-4 Regression lines for various predicted yarn properties using 




6.3.2 Optimization of an ideal fibre length 
6.3.2.1 GA convergence 
Although the regression models are developed here, the input–output relationship could 
not be expressed by a definite analytical function. For such a complex optimization 
problem, a GA was adopted to search for an optimum length range for both ASFW and 
IMC fibres. It was observed that the fitness of the best and average individuals in each 
generation increased towards the optimum.   
Figure 6-5 shows the best and average fitness function values for the optimization process. 
First, the initial population size was optimized. When the best and mean fitness function 
values are close to each other, it means that all solutions are converging to the same value. 
The best fitness value improved after several generations and then it stayed approximately 
constant. By generation 100, convergence between the mean and best values and the mean 





Figure 6-5 Genetic convergence providing the best 
fitness for the length ranges of (a) ASFW fibres; 62-
137 mm and (b) IMC fibres; 33-85 mm 
 
The minimum ranges were 62-63 mm for ASFW and 33-34 mm for IMC. The maximum 
ranges were 136-137 mm for ASFW and 84-85 mm for IMC. The GA calculations stopped 
at the 109th and 107th generations for ASFW and IMC, respectively, due to stalls in the 
best solution. The input lengths ranges of 62-137 mm and 33-85 mm for ASFW and IMC 
fibres, respectively, resulted in optimized length ranges of 75-103 mm and 54-69 mm, 
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respectively, as derived from the optimum parameters shown in Table 6-4. These 
optimum length ranges corresponded to 50.65% for ASFW and 50.57% for IMC fibres 
over the entire frequency range, as shown in Figure 6-6. As the population of the GA 
converged, the average fitness approached that of the best individual solution. The results 
show that GA is a suitable method for determining a superior yarn quality by predicting 
the overall optimal length range. 
 
Figure 6-6 Optimal length ranges of (a) ASFW and (b) IMC fibres (in red) 
compared to the full OFM range 
6.3.2.2 Prediction of total yarn quality score from the optimal fibre length  
The results of the statistical analysis of the fibre properties for the studied OFM and 
optimal length group are listed in Table 6-4. It can be seen that after optimizing the length 
group, the ASFW and IMC fibres were 15.9% and 10.9% finer than that the OFM group, 
respectively. 
The optimized length group was composed of finer fibres with longer lengths compared 
to the OFM group. It can be seen for the ASFW fibres that the OFM group showed an 
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MFL value 8.7% lower than the optimized group. Table 6-4 also shows a decrease and 
increase in the fibre diameter and length, respectively, for the optimized range resulting 
in an increase in the fibre strength. This is due to a decrease in the CVD along a single 
fibre length. The CVMinDiam along a fibre length is also important for controlling the fibre 
strength. For the optimized group, the higher uniformity of the diameter compared to the 
OFM group means that the fibres are more likely to break at points where natural defects 
in the structure exist. It can be concluded that the length optimization resulted in the fibres 
becoming longer and finer for both ASFW and IMC fibre groups, as compared to the 
OFM group. 
Table 6-4 Yarn properties for the optimized length groups compared to the OFM 
groups for both ASFW and IMC fibres, along with their total yarn quality scores 
(YQSt) 
  ASFW  IMC 




MFD (µm) 15.4 12.95 15.91**  16.5 14.7 10.91** 
MFL (mm) 84 91.36 8.76**  60.8 61.05 0.41 NS 
CVD (%) 10.4 9.4 9.62**  7.5 7 6.67** 
CVL (%) 50.4 49.56 1.67NS  45.1 45.12 0.04 NS 
Strength (Mpa) 367.14 396.9 
 






CV % 13.42 11.33 15.57**  14.62 13.13 10.19** 
Thin/km 8.63 1.23 85.75**  22.9 6.93 69.74** 
Thick/km 2.07 0.29 85.99**  8.11 2.63 67.57** 
Neps/km 4.90 3.32 32.24**  6.93 5.48 20.92** 
Hairiness 3.13 2.06 34.19**  4.0 3.6 10.00** 
YT (cN/tex) 8.41 8.98 6.78**  7.88 8.29 5.20** 
ELO (%) 24.34 27.9 14.63**  21.33 23.88 11.95** 
EDMSH 3.53 2.35 33.43**  6.10 4.87 20.16** 
 YQSt 1.0 10.0   1.0 10.0  
 
Table 6-4 also compares the mean values of the predicted fundamental yarn properties for 
the OFM and optimized length groups. More variability can be seen in the yarn parameters 
of the OFM group than those of the optimized group. These results were expected due to 
the large differences in input variables such as MFD, CVD, MFL, and CVL. The ASFW 
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and IMC fibres showed an increase in the predicted number of fibres in a yarn cross-
section in the optimized group compared to the OFM group by 41.7 or 26.1%, 
respectively.  
The predicted yarn unevenness values of the resultant yarns using the optimized ASFW 
and IMC fibres were 15.6% and 10.2% less uneven than that the OFM group, respectively. 
The effect of optimizing the length group on the resultant yarn unevenness was 
statistically significant. A large increase in the predicted ELO and YT values of the ASFW 
and IMC fibres, 14.6% and 6.8%, and 11.9% and 5.2%, respectively, after length 
optimization was observed. These results showed that the presence of the coarser fibres 
in the OFM group adversely affected the yarn strength due to fewer fibres in the cross-
section. Thus, the optimized fibre length groups produced yarns with high uniformity and 
tenacity. Increasing the number of long and fine fibres in the optimized length group 
resulted in a statistically significant decrease (P < 0.05) of the hairiness and ends-down 
values of the resultant ASFW and IMC yarns.  
The mean number of fibres in the cross-section determines the number of thin places and 
the unevenness of the yarn [8, 9]. Accordingly, the evenness increases slightly with 
increasing number of fibres in yarn cross-section [10, 11]. The yarn unevenness is highly 
correlated with the hauteur [15]. An increase in the hauteur up to 85 mm leads to a 
reduction in the unevenness of around 1% for a fine yarn, which is 10 % less than would 
be obtained by a reduction in the MFD of around 1 µm. Moreover, the MFD of the thinnest 
place of 0.5 m lengths was found to be linearly dependent on the sum of the yarn 
unevenness and only slightly dependent on the hauteur [10]. Additionally, this study 
found that it is possible that a higher CVL value for Merino wool will result in more even 
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roving and slightly more even yarn. However, other study has observed no effect of the 
CVL on yarn unevenness [7]. According to Spencer-Smith (1947) [12] and Hearle (1969) 
[13], a more realistic yarn tenacity could be estimated by considering yarn unevenness. 
For yarns with a constant twist, the tenacity is dependent on 
𝑀𝐹𝐷
𝑀𝐹𝐿
. A constant influence of 
hauteur and unevenness on the tenacity for all diameters of Merino wool fibres has been 
reported by Yang (1993) [15] and Lamb (1992) [16]. The effect on the yarn tenacity of a 
1 µm decrease in MFD is roughly equivalent to a 10 mm hauteur increase for a fine yarn, 
although the real trade-off also depends on the number of fibres in the yarn cross-section 
[5]. The fibre diameter has been shown to be highly significant in determining the number 
of spinning ends-down for a given yarn tex [8, 9]. The number of ends-down increases 
with increasing MFD. Moreover, although the effect of the CVD on the ends-down in 
spinning is small, it has been shown to be statistically significant [7]. The ends-down 
value also depends on the number of fibres in the cross-section and the cross-sectional 
area [5]. In the areas where the yarn contains the least material, it is most likely to break. 
It should be noted that the fibre length distribution plays an important role in determining 
the yarn quality score and hence it was difficult to calculate the final yarn quality of both 
optimized and OFM groups without including effects from the length distribution. 
Therefore, the total yarn quality score (YQSt) method was used to evaluate the overall 
yarn quality score. The predicted YQSt values of the optimized and OFM fibre length 
groups are shown in Table 6-4. Although the optimized length groups were highly ranked 
for all yarn properties, their length distribution scores were the lowest. However, the 
optimized fibre length group was selected as the best choice for ensuring improved yarn 
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quality as it had the highest YQSt values for both ASFW and IMC fibres. All yarn 
properties had higher weights than the length distribution.   
6.4 Conclusion 
This study demonstrated a method for identifying the optimal animal fibre length range 
using prediction regression models to provide fitness functions for input into a genetic 
algorithm. It was shown that the proposed regression models produced results which were 
in good agreement with the predicted values from the standard Sirolan-YarnspecTM 
software and both methods showed the same degree of accuracy. The optimized fibre 
length ranges included around half of the OFM length distribution and resulted in yarns 
with properties superior to the OFM group. Such an analysis has the potential of adding 













CHAPTER 7: CONCLUSIONS 
 
7.1 Summary 
This thesis provides a comprehensive study on simultaneous changes in fibre length-
diameter that contribute to the properties of the resultant yarn. The literature concerning 
relevant surface and physical features of fibres as well as the properties of yarn was 
reviewed. Subsequent chapters have reported on the correlation between the length-
diameter of the fibre for Australian Superfine Merino Wool (ASFW) and Inner Mongolia 
Cashmere (IMC) fibre samples since they are the key determinants of the quality of yarns. 
The resultant predicted yarn quality from the optimised combination of fibre length-
diameter in three different methods, including fractionation, blending and modelling, was 
also reported. This chapter explains the key conclusions that may be drawn from this study 
and gives some recommendations for future work.   
 
Physical and mechanical fibre properties such as length, diameter, diameter variation, 
linear density, breaking force and intrinsic fibre strength were measured under a standard 
condition using the SIFAN2 and SIFAN4 for ASFW and IMC fibres. The inter-
relationship of the key properties of these fibres with length and diameter have been 
assessed using fit transformation functions obtained through correlation coefficient 
analysis. It is well known that fibre diameter and length have a significant influence on 
the diameter variation and strength of fibre [145, 235, 265, 266]. However, the 
simultaneous interactions between these properties are not fully understood. ASFW and 
IMC fibres properties are found to be both positively skewed and asymmetric in nature. 
Fibre diameter, linear density and length are of platykurtic distribution. However, strength 
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and breaking force are a leptokurtic distribution. The basic physical features, namely 
linear density, diameter, length and breaking force are strongly and positively correlated 
while their strength is negatively correlated. For example, the longer fibres had 
significantly higher diameter compared to the shorter ones. ASFW fibre also had a 
significantly longer length compared to IMC of a similar diameter. There was a significant 
difference in the diameter variation of ASFW and IMC fibres. The diameter variation was 
significantly higher in ASFW compared with that of IMC fibre. Fibres with longer length 
are known to have higher diameter and diameter variation with a lower strength [160].  
 
The diameter variation along a fibre was higher for the longer-coarser fibres compared to 
the shorter-finer fibres, which showed a moderate impact on fibre strength. The Chi-
Square fit shows that breaking force and minimum fibre diameter follow lognormal 
distribution and there exists a significant correlation between these two parameters. The 
result implies that among other factors such as structural flaws, most fibres break at the 
point of minimum fibre diameter, specifically when the diameter is coarser. The data 
revealed a dimension effect on fibre strength in agreement with other reports [235, 265, 
266]. This study revealed that the diminished strength in fibres with increasing fibre 
diameter is not only triggered by the build-up of faults, but also by within-fibre diameter 
variations. Although no significant differences exist in the strength of IMC compared to 
that of ASFW fibres, at the minimum fibre diameter they differed significantly. Although 
the diameter variation of a fibre is believed to dominate fibre strength [265], some obvious 
trends with minimum fibre diameter and fibre strength were found for samples that 
differed in strength. This supports another report [266]. However, no study has shown this 
trend for cashmere fibre yet. To validate the effect of both diameter variation and 
184 
 
minimum fibre diameter on the strength of the fibre, the diameter-dependent modified 
Weibull strength distribution was applied to determine the discrepancy in the strength and 
size dependence of ASFW and IMC fibres. A modified Weibull model incorporating the 
diameter variation along-fibres is proposed to examine the effect of the fibre diameter on 
the strength. To determine the fibre strength, tensile measurements were carried out for 
fibres with diameters between 9 to 21 μm. The results show that the application of a 
modified Weibull distribution gives a better relationship with the empirical data compared 
to that obtained with the standard Weibull model. The results suggest that both diameter 
variation and minimum fibre diameter play a key role on the strength of the fibre. The 
results of this study support the findings of other researchers [253, 255, 256, 258] that 
modified Weibull model was likely to be a suitable predictor of fibre strength. However, 
no study reported the diameter-dependent modified Weibull as a predictor of fibre 
strength. Thus, from the large sample size in this study, the significant differences in the 
diameter, diameter variation and strength of fibres were found among the different fibre 
lengths. The understanding of simultaneous changes in the above-mentioned fibre 
properties is useful to simulate the methods of fibre fractionation and blending with the 
aim of simulating a yarn of superior quality. 
 
To achieve a better understanding of the advantage of the simultaneous changes in fibre 
length-diameter for indicating the resultant yarn properties from different length-diameter 
combinations, fibres were fractionated into longer-coarser and shorter-finer groups and 
their relationship between fibre length and diameter were investigated and confirmed in 
this study. The length-diameter correlation in the scale of single fibre was fully unknown, 
which showed the same correlation trend as bundle fibre. The average fibre diameter of 
185 
 
the ASFW and IMC fibres were 15.4 and 16.5 µm, respectively. As expected, in both 
single and bundle fibres, a strong positive correlation existed between fibre length and 
diameter. When long fibres are removed from the samples, the remaining fibres become 
shorter and finer. The mean diameter of the remaining fibres was observed to decrease by 
2 μm. These results are in good agreement with the findings of another report [160] that 
fibres with longer length are coarser. The implication of such fibre fractionation on the 
quality of the resultant yarns was examined using a well-established prediction tool, the 
Sirolan-YarnspecTM software package. It is shown that fibre diameter, which is essentially 
a function of fibre length, has a strong influence on yarn properties [5-7, 16]. The results 
of this study showed that there were significant variations in the predicted yarn quality 
between the groups with different lengths. The predicted yarn unevenness and tenacity 
improved for both ASFW and IMC with simultaneous changes in fibre length-diameter 
from the long-coarse to the short-fine groups. It was observed that when a fibre sample 
was fractionated into shorter-finer and longer-coarser groups, both the remaining and 
removed groups resulted in yarns of higher quality than the original unseparated single 
and bundle fibre samples. These results agree with other reports [5, 6] that fibres with 
lower diameter and longer length are known to produce more even and stronger yarns. 
Although different parameters such as fibre properties and spinning settings are believed 
to dominate spinning ends-down [175, 181, 182], obvious trends with fibre diameter and 
length with spinning ends-down were found. This follows other findings [5, 173]. In 
addition, the influence of simultaneous changes in fractionated fibres length and diameter 
on the quality of the resultant yarn is fully known in this study. The simulation of fibre 
fractionation is applied in this study as an effective method to produce better yarn of 
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quality. The total yarn quality score (YQSt) derived from the predicted yarn properties 
was used to optimise the fractionated length-diameter group to achieve the desired yarn 
quality. No study has simulated the combination of fractionated fibre length-diameter to 
estimate the quality of yarn. With regard to the predicted resultant yarn properties from 
the fractionated fibre length-diameter groups, the results showed that the best combination 
of fractionated fibre length-diameter (medium+short group) resulted to the best predicted 
YQSt value for both ASFW and IMC fibres compared with that of original fibre mass 
group because of their high score in the ranking of fibre length quality and their length 
distribution score, resulting in yarns with superior predicted properties. These results 
support the finding [292] that the calculation of the YQSt was likely to be a good optimizer 
method for the quality of yarn. It was concluded that removing the long fibres plays a key 
role in changing the average length-diameter of both single and bundle animal fibres. The 
simulation of animal fibre fractionation showed the potential of improving the quality of 
yarns made from these fibres. However, the best combination of the fractionated fibre 
length-diameter group achieved a shorter fibre length, which result is a higher yarn 
hairiness value and spinning ends-down than the original fibre mass group that could be 
an important limitation of the fractionation method. Thus, the improvement in the quality 
of yarns made from the fractionated fibres warrants to add the simulation of blending 
process to the fractionation method to achieve a further enhancement in all properties of 
the resultant yarn. 
 
It was expected that the simulation of the combination of ASFW and IMC fibres length-
diameter blends has the potential of improving the quality of the fractionated fibre length-
diameter. Hence, the effect of the simulation of blending based on fibre length was 
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evaluated through the yarn properties using the Simplex Lattice Mixture Design (SLMD). 
The application of the SLMD to blend fibre lengths is fully unknown and has not reported 
yet. To further explore the implication of animal fibre length-diameter blends on the 
quality of the resultant yarns, a Sirolan-Yarnspec™ software package was used to predict 
the key properties of the yarn at fifteen groups of length-diameter blends. In the light of 
the data obtained, simultaneous changes in the length-diameter of fibre blends seem to 
markedly affect the key properties of the yarn discussed. The simulation used to blend 
longer fibres with shorter ones was highly successful and reduced the overall fibre mean 
fibre diameter by 5%. The blending method also altered the mean fibre length, diameter 
variation and strength of fibres. The intrinsic differences in fibre properties showed it was 
possible to change the quality of fibre using the simulation of blending method. The 
simulation of blending method confirmed that simultaneous changes in fibre length-
diameter were a good indicator of yarn properties, consistently finding the blends that had 
the lower diameter as having the more even and stronger yarns. Blending method could 
influence significantly on the quality of fibres and the resultant yarns of both ASFW and 
IMC fibres. However, optimising fibre blends for achieving the best yarn quality is quite 
intricate and can be considered a Multi-Criterion Decision-Making (MCDM) challenge. 
No study has optimised the combination of fibre length-diameter using the MCDM. An 
algorithm for determining the overall quality of the fibre length-diameter blends was 
applied. Additionally, it was demonstrated that utilising the technique of order preference 
by comparing the ideal solution (TOPSIS) and the analytic hierarchy process (AHP) can 
be beneficial. The combination of AHP and TOPSIS can help in choosing a perfect 
combination of fibre length-diameter. The AHP-TOPSIS evaluations showed that it was 
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the combination of high percentage medium and short fibre length blends which 
performed relatively better quality of yarn than the other length-diameter blends in terms 
of the physical and mechanical properties whereas the combination of high percentage 
long and short fibre length blends resulted in the worst yarn quality. The best combination 
of fibre length-diameter blends was determined based on the predicted resultant ring spun 
yarn properties. Hence the diameter, diameter variation, length and strength of the best 
blends were simulated and their resultant yarn properties were predicted. No report is 
available on the effect of the combination of fibre length-diameter blends on the quality 
of yarn. Analysis of the data showed that the best fibre blend (the best predicted YQSt 
value) was found to be 59.6 % medium, 40.4 % short, and 0% long for ASFW fibres and 
64.65 % medium, 35.35 % short, and 0% long for IMC fibres compared with that of the 
original fibre mass group because of their high score in the ranking of the resultant yarn 
properties and their distribution score. Significant differences were found in the fibre 
properties and the resultant yarn properties of the best fibre blend compared with that of 
original fibre mass. These results follow the findings of other researchers that yarns made 
from finer and longer fibres have a higher strength and elongation and lower unevenness 
and hairiness [5, 7]. When the fibre length-diameter groups are blended, all fibre 
properties and the resultant yarn properties are changing simultaneously, which are fully 
understood in this study. It can be concluded that changing the length-diameter of the 
simulated fibre blends showed the potential of changing the properties of the resultant 
yarns. Although, the value of some of the fibre properties and the predicted yarn properties 
improved compared with that of the fractioned method, still reduction in the length of the 
best fibre blend resulted in a higher yarn hairiness value and spinning ends-down in 
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compared with the original fibre mass group, which can be considered as an important 
limitation of the blending method. To address the above-mentioned limitations, the 
optimal combination of fibre length-diameter needed to be achieved using data fitting 
regression models/genetic algorithm, which has the potential of the simulation of the 
superior quality of yarns. 
 
The optimal combination of fibre length-diameter needed to be simulated using data 
fitting regression models/genetic algorithm, which results in yarns of premium quality. 
The proposed prediction regression models were validated and used as a fitness function 
to estimate yarn properties from fibre properties. The prediction regression models of yarn 
properties are fully vague and are not available in previous reports. The validation results 
showed a good agreement between the proposed regression models predicted yarn 
properties versus the Sirolan-YarnspecTM software predicted values and would show the 
same degree of accuracy. The optimal combination of fibre length-diameter was identified 
by using these newly developed prediction regression models as the fitness functions 
combined with a genetic algorithm. The determined optimal combination of fibre length-
diameter using data fitting regression models/genetic algorithm was fully unknown. The 
results showed there were significant variations in the predicted yarn quality between the 
optimised fibre length-diameter and original fibre mass group. The optimal group was 
longer in length, finer and had a lower diameter variation which resulted in an 
improvement in all yarn properties compared to original fibre mass and those the best 
length-diameter combinations from the simulated fractionation and blending methods. 
The optimal combination of length-diameter perceived the yarn hairiness and spinning 
ends-down to be significantly lower than the original fibre mass and other length-diameter 
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combinations from the fractionation and blending methods. The optimal combination 
achieved the premium predicted YQSt value for both ASFW and IMC fibres compared 
with that of the OFM group.  
In summary, this study has reported the resultant properties of yarn from Australian 
superfine Merino wool and Inner Mongolia cashmere fibres. This work demonstrated that 
the three methods, including fibre fractionation, blending and soft-computing modelling, 
are useful for improving the properties of the resultant yarns, so long as a combination of 
fibre length-diameter to be optimised. The fibre properties that are manifested in the better 
quality of yarn are their low diameter, long length, low diameter variations and in most 
cases, higher strength. Although these properties of fibre may affect individually on the 
properties of the resultant yarns, the benefit of their simultaneous changes on yarn quality 
is clearer. The simulation of the fractionation method improved the quality of yarn but not 
as much as the simulation of blending method. Both methods also resulted in shorter 
fibres, which results in higher hairiness and spinning ends-down compared with that of 
original fibre mass. The constant length boundaries between the short, medium and long 
groups were another limitation exists in both fractionation and blending methods, which 
the fibre properties and the resultant yarn quality could be changed by considering the 
smaller or broader length ranges at each length-diameter group. In addition, no difference 
considered between the properties of very short to close to medium fibres in the short 
group and very long to close to medium fibres in the long group and the average of 
properties was calculated in each group. In blending method, the distribution is not 
symmetric in each length-diameter group, while a certain percentage was considered for 
each length-diameter group, which results in the waste of material in unused length-
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diameter groups. To address the above-mentioned limitations, the data fitting regression 
model/genetic algorithm was used to determine the actual optimum length-diameter 
boundaries to simulate a premium yarn quality. A significant improvement and difference 
in all fibre and yarn properties could be detected. 
7.2 Future work 
This study has shown that the simultaneous changes in animal fibre length-diameter using 
the simulated methods of fibre fractionation and blending can have strong influences on 
the predicted properties of the resultant yarn. By considering the achievements and the 
shortcoming of the work reported in this thesis, several areas which require further 
consideration were overlooked. Relevant further work is suggested as follows: 
 
 The tensile strength prediction of irregular fibres using diameter-dependent 
Weibull analysis has been reported in chapter 3. However, the influence of strain 
rate has not been proposed in this work. This may be required for visco-elastic 
fibres although the effect of strain rate might be small. 
 
 Chapter 4 reported a study on the simulation of the fibre fractionation into different 
diameter/length groups. Additionally, in practice, a separation was carried out to 
fractionate the prepared superfine wool sliver into three length groups of end-
aligned hand card slivers using a FL 100/101 Fibroliner (peyer preparer). 
However, the Fibroliner may be modified for efficiently separating the fibres into 





 Chapter 5 reported a study on the simulation of the blending of the separated fibres 
into different diameter/length groups. Future study on the practical blending 
method is required to confirm if similar potential of improving the quality of yarns 
made from such fibres exist in the method. 
 
 To further validate the simulation of the fractionation and blending methods on 
different animal fibres it is worthwhile producing ring spun yarns using the same 
criteria as applied in this study and test the performance.  
 
 This research assessed the simulation of the fractionation and blending methods 
on different kinds of non-uniform animal fibres. There is certainly scope to study 
the simulation of the above-mentioned methods on non-uniform plant fibres such 
























































RANDOM ANALYSIS OF PHYSICAL AND MECHANICAL CHARACTERISTICS OF 
SUPERFINE ANIMAL FIBRES 
 
Table A1.1 Summary of diameter and tensile test results within diameter groups (1 μm 
interval) 
 
Diameter groups WD1 WD2 WD3 WD4 WD5 WD6 WD7 WD8 WD9 WD10 WD11 WD12 
ASFW             
Strength (MPa) 535.3 446.3 397.2 386.9 385.6 369.8 361.7 354 367.8 352.9 366.8 369.1 
Min strength (MPa) 343.7 259.5 229.1 233.3 192.9 234.1 220.5 219.6 230.3 243.1 276.3 258.8 
Max strength (MPa) 850.8 761.8 953.4 748.9 634.9 756.4 624.3 709.6 669.4 503.8 485.8 460.1 
BF (cN) 1.8 1.9 2.1 2.5 2.9 3.2 3.5 3.9 4.3 4.7 5.2 5.9 
MinDiam (µm) 6.7 7.4 8.3 9.1 9.9 10.5 11.2 11.9 12.2 13.1 13.5 14.3 
CVD along (%) 10.35 10.95 10.59 10.48 10.41 9.51 10.12 10.84 11.43 12.83 13.01 13.98 
 CD1 CD2 CD3 CD4 CD5 CD6 CD7 CD8 CD9 CD10 CD11  
IMC             
Strength (MPa) 416.1 355.9 321.5 321.4 314.8 311.2 311.7 308.9 319.9 310.5 312.9  
Min strength (MPa) 272.9 268.7 176.8 181.3 168.1 169.2 204.9 198.9 246.9 257.0 265.4  
Max strength (MPa) 610.9 477.9 435.6 619.7 508.7 430.9 534.4 509.8 591.9 393.6 404.9  
BF (cN) 2.5 2.7 3.1 3.8 4.3 4.9 5.6 6.1 6.9 7.7 8.3  
MinDiam (µm) 8.8 9.8 11.2 12.3 13.3 14.3 15.2 15.9 16.7 17.8 18.3  

















RANDOM ANALYSIS OF PHYSICAL AND MECHANICAL CHARACTERISTICS OF 
SUPERFINE ANIMAL FIBRES 
Table A1.2 Summary of tensile test results within diameter groups (0.1 
μm interval) 
 
ASFW  IMC 
Diameter groups Strength (MPa)  Diameter groups  Strength (MPa) 
9.2 532.8  11.9 423.1 
9.7 557.8  12.8 410.3 
10.0 469.5  13.2 343.1 
10.2 390.6  13.5 345.9 
10.3 496.0  13.6 317.9 
10.3 552.7  13.7 386.9 
10.4 484.0  13.9 340.2 
10.5 437.3  14.4 316.7 
10.6 527.6  14.5 315.0 
10.7 356.8  14.6 362.4 
10.8 455.8  14.7 330.2 
10.9 391.1  14.9 306.4 
11.0 344.2  15.0 331.7 
11.1 362.5  15.1 311.8 
11.2 411.2  15.2 329.5 
11.4 484.2  15.3 293.5 
11.4 380.5  15.4 324.6 
11.6 433.4  15.5 276.2 
11.6 292.0  15.6 312.3 
11.7 386.2  15.7 341.2 
11.8 456.1  15.8 330.8 
11.9 374.8  15.9 350.4 
12.1 400.0  16.0 336.2 
12.2 408.3  16.1 322.1 
12.4 348.9  16.2 326.0 
12.4 476.0  16.3 327.9 
12.6 390.8  16.4 324.1 
12.8 362.2  16.5 330.2 
12.9 414.7  16.6 324.8 
12.9 335.4  16.7 304.6 
13.1 390.0  16.8 282.0 
13.1 379.9  16.9 308.9 
13.2 393.7  17.0 303.8 
13.4 541.6  17.1 309.6 
13.4 373.9  17.2 326.4 
13.5 369.9  17.3 310.4 
13.6 362.0  17.4 320.8 
13.7 390.4  17.5 299.3 
13.9 377.8  17.6 309.6 
13.9 358.1  17.7 308.6 
14.1 359.7  17.8 305.0 
14.1 363.6  17.9 317.8 
196 
 
14.2 370.9  18.0 308.0 
14.4 385.2  18.1 314.3 
14.4 358.0  18.2 314.4 
14.5 353.7  18.3 309.9 
14.6 365.8  18.4 324.8 
14.7 357.1  18.5 288.2 
14.8 374.2  18.6 309.3 
14.9 405.5  18.7 332.0 
15.1 355.4  18.8 323.8 
15.1 351.4  18.9 294.5 
15.2 380.1  19.0 296.8 
15.3 361.1  19.1 297.2 
15.4 378.5  19.2 302.9 
15.6 356.7  19.3 326.0 
15.6 342.6  19.4 320.9 
15.7 336.7  19.5 308.8 
15.9 392.9  19.6 310.0 
15.9 349.0  19.7 296.0 
16.0 343.3  19.8 302.3 
16.1 367.6  20.0 316.6 
16.2 374.4  20.1 334.6 
16.3 343.5  20.2 323.8 
16.4 312.3  20.3 290.5 
16.5 418.7  20.4 340.8 
16.6 337.4  20.6 312.6 
16.8 331.0  20.7 312.6 
16.8 337.6  20.8 306.0 
16.9 356.9  20.9 349.4 
17.1 383.1  21.3 315.1 
17.2 329.0  21.4 311.2 
17.3 376.5  21.6 303.1 
17.3 421.6  21.8 313.5 
17.5 335.6  22.1 314.0 
17.5 390.0  22.3 341.7 
17.6 353.5  22.7 296.0 
17.8 318.4  23.0 309.6 
18.0 353.4    
18.1 354.7    
18.2 369.3    
18.4 389.3    
18.5 326.3    
18.7 363.9    
19.0 301.3    
19.1 377.4    
19.4 346.8    
19.4 380.6    
19.5 377.0    
19.7 370.7    
20.0 387.5    
20.6 370.0    








RANDOM ANALYSIS OF PHYSICAL AND MECHANICAL CHARACTERISTICS OF 
SUPERFINE ANIMAL FIBRES 
Table A1.3 The measured and predicted coefficients of variation of breaking force as well 
as their relative errors 
 
Diameter groups 
(1 μm interval) 
CV of break force (%)-within diameter groups 
Measured 
Predicted 1 






𝑪𝑽𝑩𝑭 ≈ 𝟐𝑪𝑽𝒎𝑭𝑫 
Relative errors 
(%) 
ASFW      
WD1 16.49 14.05 -14.82 14.03 -14.94 
WD2 18.79 15.67 -16.63 15.60 -17.01 
WD3 14.58 12.71 -12.86 12.68 -13.07 
WD4 19.30 16.48 -14.62 16.56 -14.20 
WD5 21.29 19.80 -7.01 19.67 -7.62 
WD6 16.17 15.04 -6.98 14.98 -7.35 
WD7 20.89 18.49 -11.47 18.39 -11.95 
WD8 17.87 16.07 -10.05 16.07 -10.08 
WD9 17.27 16.17 -6.36 16.10 -6.81 
WD10 16.42 15.06 -8.27 15.00 -8.60 
WD11 12.83 11.83 -7.81 11.83 -7.78 
WD12 23.24 21.99 -5.36 21.82 -6.08 
IMC  
CD1 27.18 23.84 -12.28 23.66 -12.95 
CD2 15.38 13.46 -12.45 13.43 -12.64 
CD3 19.88 18.10 -8.90 18.21 -8.37 
CD4 14.65 12.77 -12.78 12.75 -12.91 
CD5 13.93 12.79 -8.16 12.77 -8.34 
CD6 10.58 9.51 -10.08 9.53 -9.85 
CD7 11.87 11.06 -6.78 11.10 -6.46 
CD8 12.26 11.06 -9.75 11.04 -9.88 
CD9 12.05 11.36 -5.70 11.34 -5.87 
CD10 6.77 6.34 -6.38 6.35 -6.23 












RANDOM ANALYSIS OF PHYSICAL AND MECHANICAL CHARACTERISTICS OF 
SUPERFINE ANIMAL FIBRES 
Table A1.4 Weibull parameters for the tensile strength of 







κ σ0 R2 κ σ0 R2 
WD1 13 5.86 621.9 
 
0.93 3.62 825.7 0.93 
WD2 50 4.32 506.6 0.92 4.51 629.4 0.92 
 
WD3 65 4.14 450.1 0.86 7.49 559.6 0.87 
WD4 51 4.78 433.3 0.91 5.02 518.6 0.93 
WD5 122 4.49 435.1 0.79 4.82 520.9 0.84 
WD6 201 3.53 407.4 0.85 6.03 472.9 0.86 
WD7 194 6.07 397.3 0.91 6.27 458.6 0.92 
WD8 94 4.95 395.4 0.80 5.16 469.2 0.83 




5.97 388.5 0.91 6.18 453.6 0.91 
WD11 28 
 




6.31 405.8 0.97 6.82 470.7 0.96 
IMC 
CD1 9 7.73 483.9 0.95 3.90 808.2 0.85 
CD2 20 5.13 395.2 0.88 5.15 563.5 0.87 
CD3 45 5.87 351.7 0.97 9.55 458.7 0.97 
CD4 74 5.31 352.8 0.92 5.34 457.5 0.92 
CD5 118 6.94 339.4 0.92 7.20 406.3 0.92 
CD6 135 8.00 332.2 0.96 8.07 385.7 0.96 
CD7 120 3.44 333.3 0.90 7.89 386.3 0.91 
CD8 79 7.30 331.8 0.82 7.44 388.4 0.83 
CD9 51 10.20 344.9 0.76 7.01 408.9 0.78 
CD10 22 9.46 327.6 0.93 5.97 368.1 0.92 
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SUPERFINE ANIMAL FIBRES 
 




Predicted strength (MPa) 
Measured strength 
(MPa) 
PSM Difference error 
(%) 
PMM Difference error 
(%) 
WD1 451.6 15.6 535.5 0.04 535.3 
WD2 390.0 12.6 445.6 0.16 446.3 
WD3 348.5 12.3 397.2 0.00 397.2 
WD4 345.5 10.7 386.3 0.16 386.9 
WD5 343.7 10.9 385.1 0.13 385.6 
WD6 337.9 8.6 369.9 0.03 369.8 
WD7 331.2 8.4 361.6 0.03 361.7 
WD8 318.8 9.9 354.2 0.06 354.0 
WD9 334.9 8.9 367.3 0.11 367.7 
WD10 320.3 9.2 352.2 0.20 352.9 
WD11 337.9 7.9 366.1 0.19 366.8 
WD12 333.9 9.5 367.4 0.46 369.1 
IMC 
CD1 354.3 14.8 415.3 0.17 416.0 
CD2 321.2 9.7 356.0 0.06 355.8 
CD3 297.0 7.6 321.1 
 
0.12 321.5 
CD4 297.3 7.5 321.3 0.00 321.3 
CD5 297.4 5.5 314.6 0.06 314.8 
CD6 297.0 4.6 311.0 0.06 311.2 
CD7 297.5 4.5 311.5 0.03 311.6 
CD8 294.3 4.7 309.0 0.03 308.9 
CD9 303.4 5.1 319.8 0.00 319.8 
CD10 298.5 3.8 309.6 0.26 310.4 
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SUPERFINE ANIMAL FIBRES 
 
Table A1.6 A comparison between the experimental and the predicted values 
(Weibull) of average ASFW fibre strength 
  
Diameter groups (0.1 
μm interval) 











ASFW      
9.2 405.2 -23.94 547.0 2.66 532.8 
9.7 482.0 -13.58 553.8 -0.71 557.8 
10.0 385.6 -17.87 470.2 0.14 469.5 
10.2 337.6 -13.56 390.9 0.07 390.6 
10.3 406.0 -18.14 497.9 0.38 496.0 
10.3 476.3 -13.82 548.3 -0.79 552.7 
10.4 401.9 -16.96 492.2 1.69 484.0 
10.5 384.0 -12.18 442.4 1.16 437.3 
10.6 493.2 -6.52 523.6 -0.75 527.6 
10.7 294.4 -17.48 361.0 1.17 356.8 
10.8 366.0 -19.70 465.7 2.17 455.8 
10.9 345.1 -11.76 395.3 1.07 391.1 
11.0 307.1 -10.77 343.3 -0.26 344.2 
11.1 309.7 -14.56 364.4 0.52 362.5 
11.2 350.8 -14.68 421.1 2.40 411.2 
11.4 390.7 -19.31 519.5 7.29 484.2 
11.4 338.3 -11.09 381.1 0.15 380.5 
11.6 383.8 -11.44 437.7 0.99 433.4 
11.6 270.3 -7.43 289.1 -0.99 292.0 
11.7 338.4 -12.37 382.6 -0.93 386.2 
11.8 359.0 -21.28 488.6 7.12 456.1 
11.9 314.2 -16.16 376.8 0.53 374.8 
12.1 348.9 -12.77 398.7 -0.32 400.0 
12.2 357.4 -12.46 408.8 0.12 408.3 
12.4 283.4 -18.77 351.6 0.77 348.9 
12.4 367.5 -22.79 489.3 2.79 476.0 
12.6 334.2 -14.48 391.5 0.17 390.8 
12.8 328.9 -9.19 361.3 -0.24 362.2 
12.9 365.5 -11.86 413.0 -0.40 414.7 
12.9 305.7 -8.85 335.8 0.11 335.4 
13.1 356.5 -8.58 387.3 -0.69 390.0 
13.1 334.9 -11.84 378.7 -0.31 379.9 
13.2 337.9 -14.17 396.9 0.81 393.7 
13.4 448.7 -17.15 612.2 13.03 541.6 
13.4 342.6 -8.37 373.8 -0.02 373.9 
13.5 323.2 -12.62 369.0 -0.24 369.9 
13.6 334.2 -7.67 355.3 -1.85 362.0 
13.7 346.2 -11.32 389.9 -0.12 390.4 
13.9 344.9 -8.70 376.9 -0.23 377.8 
201 
 
13.9 310.8 -13.20 357.5 -0.16 358.1 
14.1 335.2 -6.81 358.6 -0.30 359.7 
14.1 314.6 -13.47 366.6 0.82 363.6 
14.2 338.7 -8.68 370.6 -0.08 370.9 
14.4 337.6 -12.35 386.7 0.38 385.2 
14.4 328.8 -8.15 357.4 -0.16 358.0 
14.5 320.6 -9.35 353.3 -0.11 353.7 
14.6 331.5 -9.37 364.9 -0.24 365.8 
14.7 333.7 -6.55 356.6 -0.14 357.1 
14.8 335.6 -10.31 372.0 -0.58 374.2 
14.9 357.1 -11.93 407.4 0.46 405.5 
15.1 315.3 -11.28 355.5 0.02 355.4 
15.1 318.9 -9.24 350.9 -0.14 351.4 
15.2 338.6 -10.91 380.4 0.07 380.1 
15.3 324.3 -10.19 361.3 0.05 361.1 
15.4 344.1 -9.08 378.4 -0.02 378.5 
15.6 323.6 -9.27 357.7 0.28 356.7 
15.6 315.3 -7.96 341.6 -0.29 342.6 
15.7 309.0 -8.22 335.4 -0.38 336.7 
15.9 350.2 -10.86 393.0 0.02 392.9 
15.9 319.3 -8.51 348.7 -0.08 349.0 
16.0 301.2 -12.26 345.4 0.61 343.3 
16.1 320.0 -12.94 371.6 1.08 367.6 
16.2 338.8 -9.50 374.8 0.10 374.4 
16.3 317.0 -7.71 342.8 -0.20 343.5 
16.4 291.0 -6.82 310.8 -0.48 312.3 
16.5 335.8 -19.79 420.2 0.35 418.7 
16.6 287.7 -14.73 343.6 1.83 337.4 
16.8 303.7 -8.24 330.3 -0.21 331.0 
16.8 306.5 -9.21 336.9 -0.20 337.6 
16.9 309.5 -13.28 355.8 -0.30 356.9 
17.1 349.4 -8.79 382.3 -0.20 383.1 
17.2 313.9 -4.58 326.8 -0.66 329.0 
17.3 347.1 -7.80 375.3 -0.31 376.5 
17.3 345.0 -18.16 430.3 2.06 421.6 
17.5 297.6 -11.32 334.2 -0.41 335.6 
17.5 342.6 -12.15 388.8 -0.30 390.0 
17.6 320.9 -9.22 351.0 -0.70 353.5 
17.8 287.4 -9.73 316.9 -0.47 318.4 
18.0 300.8 -14.88 356.9 0.99 353.4 
18.1 338.4 -4.59 352.2 -0.70 354.7 
18.2 339.4 -8.09 366.9 -0.64 369.3 
18.4 327.3 -15.92 391.7 0.61 389.3 
18.5 289.8 -11.18 324.7 -0.49 326.3 
18.7 316.6 -12.99 364.7 0.21 363.9 
19.0 290.2 -3.68 299.8 -0.49 301.3 
19.1 320.3 -15.12 378.4 0.26 377.4 
19.4 324.2 -6.51 344.5 -0.66 346.8 
19.4 344.8 -9.40 378.6 -0.52 380.6 
19.5 335.0 -11.14 375.0 -0.53 377.0 
19.7 320.8 -13.46 372.1 0.37 370.7 
20.0 351.0 -9.41 385.2 -0.59 387.5 
20.6 314.5 -15.00 371.6 0.43 370.0 
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Table A1.7 A comparison between the experimental and the predicted values of 
average IMC fibre strength 
Diameter groups (0.1 
μm interval) 












IMC      
11.9 362.6 -14.29 421.5 -0.37 423.1 
12.8 337.2 -17.81 425.1 3.60 410.3 
13.2 309.7 -9.73 342.0 -0.32 343.1 
13.5 306.1 -11.50 345.5 -0.11 345.9 
13.6 307.9 -3.14 315.8 -0.66 317.9 
13.7 323.0 -16.51 391.4 1.16 386.9 
13.9 279.3 -17.90 345.2 1.46 340.2 
14.4 285.9 -9.72 315.5 -0.37 316.7 
14.5 287.6 -8.69 315.3 0.09 315.0 
14.6 330.4 -8.83 360.5 -0.52 362.4 
14.7 299.7 -9.23 330.3 0.03 330.2 
14.9 276.2 -9.85 307.6 0.39 306.4 
15.0 299.7 -9.64 335.8 1.23 331.7 
15.1 291.1 -6.63 309.8 -0.64 311.8 
15.2 276.8 -15.99 333.8 1.30 329.5 
15.3 278.8 -5.00 292.1 -0.47 293.5 
15.4 296.9 -8.53 323.1 -0.46 324.6 
15.5 255.1 -7.63 275.2 -0.36 276.2 
15.6 287.0 -8.10 311.6 -0.22 312.3 
15.7 301.4 -11.66 342.5 0.38 341.2 
15.8 300.0 -9.31 330.5 -0.09 330.8 
15.9 309.3 -11.72 354.3 1.11 350.4 
16.0 309.8 -7.85 334.5 -0.50 336.2 
16.1 292.9 -9.06 322.0 -0.03 322.1 
16.2 310.2 -4.84 324.6 -0.42 326.0 
16.3 303.8 -7.34 327.2 -0.21 327.9 
16.4 302.3 -6.72 323.2 -0.27 324.1 
16.5 300.9 -8.87 332.3 0.63 330.2 
16.6 307.0 -5.48 324.0 -0.24 324.8 
16.7 288.6 -5.25 303.0 -0.52 304.6 
16.8 262.0 -7.09 281.9 -0.03 282.0 
16.9 292.6 -5.27 307.4 -0.48 308.9 
17.0 282.1 -7.14 303.5 -0.09 303.8 
17.1 293.6 -5.16 308.6 -0.32 309.6 
17.2 302.4 -7.35 326.4 0 326.4 
17.3 292.4 -5.79 309.4 -0.32 310.4 
17.4 292.8 -8.72 321.4 0.18 320.8 
17.5 286.9 -4.14 298.3 -0.33 299.3 
17.6 287.9 -7.00 308.8 -0.25 309.6 
17.7 292.6 -5.18 307.8 -0.25 308.6 
203 
 
17.8 289.5 -5.08 303.5 -0.49 305.0 
17.9 302.7 -4.75 316.6 -0.37 317.8 
18.0 295.5 -4.05 307.1 -0.29 308.0 
18.1 296.0 -5.82 313.3 -0.31 314.3 
18.2 295.6 -5.97 314.2 -0.06 314.4 
18.3 295.9 -4.51 308.8 -0.35 309.9 
18.4 301.4 -7.20 324.5 -0.09 324.8 
18.5 270.2 -6.24 287.5 -0.24 288.2 
18.6 290.1 -6.20 310.3 0.32 309.3 
18.7 314.4 -5.30 330.9 -0.33 332.0 
18.8 310.1 -4.23 322.3 -0.46 323.8 
18.9 276.0 -6.28 293.0 -0.50 294.5 
19.0 284.8 -4.04 295.4 -0.47 296.8 
19.1 284.7 -4.20 296.0 -0.40 297.2 
19.2 279.3 -7.79 302.4 -0.16 302.9 
19.3 298.3 -8.49 325.9 -0.03 326.0 
19.4 304.5 -5.11 319.4 -0.46 320.9 
19.5 303.0 -1.87 307.6 -0.38 308.8 
19.6 276.5 -10.8 312.3 0.74 310.0 
19.7 281.9 -4.76 294.7 -0.43 296.0 
19.8 293.6 -2.87 301.2 -0.36 302.3 
20.0 298.6 -5.68 315.8 -0.25 316.6 
20.1 322.3 -3.67 332.9 -0.50 334.6 
20.2 300.5 -7.19 322.5 -0.40 323.8 
20.3 279.7 -3.71 289.0 -0.51 290.5 
20.4 301.0 -11.67 365.3 7.18 340.8 
20.6 301.7 -3.48 310.9 -0.54 312.6 
20.7 292.0 -6.58 311.2 -0.44 312.6 
20.8 288.5 -5.71 304.4 -0.52 306.0 
20.9 331.3 -5.18 347.3 -0.60 349.4 
21.3 301.4 -4.34 313.1 -0.63 315.1 
21.4 289.2 -7.06 309.1 -0.67 311.2 
21.6 289.7 -4.42 300.9 -0.72 303.1 
21.8 298.7 -4.72 311.2 -0.73 313.5 
22.1 296.0 -5.73 311.1 -0.92 314.0 
22.3 318.9 -6.67 340.3 -0.40 341.7 
22.7 287.2 -2.97 294.6 -0.47 296.0 














SIMULATION OF ANIMAL FIBRE FRACTIONATION FOR PREDICTION OF YARN 
PROPERTIES 
 
Table A2.1 Summary of tensile test results within length 
groups (1 mm interval) 
 
ASFW  IMC 
Length groups  Strength (MPa)  Length groups  Strength (MPa) 
r = - 0.66  r = - 0.40 
70 472.8  40 361.4 
71 443.5  41 341.6 
74 411.6  43 331.6 
75 412.0  47 349.0 
76 366.3  48 376.3 
78 438.4  49 329.8 
79 409.7  50 364.3 
80 412.9  51 316.7 
81 447.2  52 304.9 
82 462.0  53 307.9 
83 420.4  54 314.9 
84 399.4  55 301.4 
85 384.0  56 325.0 
86 366.1  57 294.4 
87 391.0  58 311.4 
88 374.5  59 313.4 
89 380.9  60 309.0 
90 365.2  61 308.0 
91 396.3  62 333.2 
92 367.5  63 302.4 
93 363.3  64 304.5 
94 351.5  65 318.0 
95 430.7  66 301.9 
96 387.2  67 320.2 
97 376.3  68 308.7 
98 402.2  69 303.8 
99 370.8  70 322.9 
100 378.0  71 313.8 
101 374.7  72 315.0 
102 388.0  73 316.3 
103 364.1  74 309.5 
104 390.1  75 309.7 
105 373.1  76 300.0 
106 340.0  77 307.7 
107 364.8  78 309.2 
108 351.7  79 310.2 
109 372.9  80 343.1 
111 372.4  81 313.8 
112 380.5  82 364.9 
113 344.7  83 309.7 
114 366.2  85 287.9 
205 
 
116 358.7    
117 355.7    
118 365.7    
119 389.1    
121 366.5    
122 355.5    
123 372.9    
124 356.5    
126 396.8    
127 374.8    
128 363.8    
129 366.5    
131 346.2    
132 350.9    
133 359.9    
136 357.8    



















































SIMULATION OF ANIMAL FIBRE FRACTIONATION FOR PREDICTION OF YARN 
PROPERTIES 




















Single ASFW fibre 
MFD (µm) 1.00                       
MFL (mm) 1.00 1.00           
CVD (%) 0.53 0.58 1.00          
CVL (%) 0.99 1.00 0.61 1.00         
Strength (Mpa) -0.96 -0.98 -0.74 -0.98 1.00        
CV % 1.00 1.00 0.56 1.00 -0.97 1.00       
Thin/km 0.97 0.95 0.29 0.94 -0.86 0.96 1.00      
Thick/km 0.85 0.82 0.00 0.79 -0.67 0.83 0.96 1.00     
Neps/km 1.00 0.99 0.48 0.99 -0.94 1.00 0.98 0.88 1.00    
Hairiness -1.00 -0.99 -0.47 -0.98 0.94 -0.99 -0.98 -0.88 -1.00 1.00   
YT (cN/tex) -1.00 -1.00 -0.54 -1.00 0.96 -1.00 -0.96 -0.84 -1.00 1.00 1.00  
ELO (%) -1.00 -1.00 -0.54 -1.00 0.97 -1.00 -0.96 -0.84 -1.00 1.00 1.00 1.00 
EDMSH -0.99 -1.00 -0.65 -1.00 0.99 -0.99 -0.91 -0.76 -0.98 0.97 0.99 0.99 
Single IMC fibre 
MFD (µm) 1.00                       
MFL (mm) 1.00 1.00           
CVD (%) 0.82 0.76 1.00          
CVL (%) 0.99 1.00 0.71 1.00         
Strength (Mpa) -0.89 -0.84 -0.99 -0.80 1.00        
CV % 1.00 0.99 0.85 0.98 -0.91 1.00       
Thin/km 1.00 1.00 0.80 0.99 -0.87 1.00 1.00      
Thick/km 0.99 1.00 0.76 1.00 -0.84 0.99 1.00 1.00     
Neps/km 0.98 0.96 0.91 0.94 -0.96 0.99 0.98 0.96 1.00    
Hairiness -0.99 -1.00 -0.72 -1.00 0.81 -0.98 -0.99 -1.00 -0.94 1.00   
YT (cN/tex) -0.96 -0.93 -0.94 -0.90 0.98 -0.97 -0.95 -0.93 -1.00 0.91 1.00  
ELO (%) -0.97 -0.95 -0.93 -0.92 0.97 -0.98 -0.96 -0.94 -1.00 0.92 1.00 1.00 




















Bundle ASFW fibre 
MFD (µm) 1.00                       
CVD (%) -0.90 1.00           
MFL (mm) 0.98 -0.97 1.00          
CVL (%) 0.68 -0.93 0.81 1.00         
207 
 
BFT (cN/tex) -0.99 0.82 -0.93 -0.54 1.00        
CV % 0.99 -0.82 0.94 0.55 -1.00 1.00       
Thin/km 0.99 -0.94 1.00 0.76 -0.96 0.96 1.00      
Thick/km 1.00 -0.92 0.99 0.70 -0.98 0.98 1.00 1.00     
Neps/km 1.00 -0.86 0.96 0.61 -1.00 1.00 0.98 0.99 1.00    
YT (cN/tex) -1.00 0.87 -0.96 -0.62 1.00 -1.00 -0.98 -0.99 -1.00 1.00   
ELO (%) -1.00 0.87 -0.96 -0.62 1.00 -1.00 -0.98 -0.99 -1.00 1.00 1.00  
Hairiness -0.99 0.83 -0.94 -0.57 1.00 -1.00 -0.97 -0.98 -1.00 1.00 1.00 1.00 























SIMULATION OF BLENDING ANIMAL FIBRES OF DIFFERENT LENGTHS FOR 
PREDICTING YARN PROPERTIES 
Table A3.1 Predicted changes in length and fibre diameter profile properties within length 


















ASFW length blends         
W1 17.2 94.9 10.6 48.9 11.20 3.60 355.40  
W2 15.1 82.0 10.8 48.1 10.90 3.50 370.70  
W3 13.1 69.9 10.3 47.3 10.30 3.20 377.30  
W4 15.6 84.9 10.2 48.3 10.97 3.52 366.75  
W5 13.9 74.8 11.0 47.7 10.51 3.29 371.58  
W6 13.5 72.6 10.7 47.5 10.44 3.27 375.63  
W7 16.1 88.0 8.7 48.5 11.05 3.55 362.89  
W8 14.9 80.5 9.3 48.1 10.73 3.39 366.02  
W9 14.0 75.5 9.1 47.7 10.59 3.34 373.97  
W10 16.6 91.3 9.1 48.7 11.12 3.57 359.11  
W11 14.5 78.6 9.5 47.9 10.74 3.42 372.33  
W12 15.9 87.1 8.9 48.5 10.96 3.49 360.63  
W13 14.4 77.9 8.5 47.9 10.66 3.37 369.95  
W14 14.9 81.2 7.7 48.1 10.81 3.44 368.35  
W15 15.4 84.1 7.2 48.3 10.89 3.47 364.45  
IMC length blends 
C1 17.7 72.9 7.9 46.1 13.90 4.80 312.60  
C2 16.2 57.6 8.2 44.8 13.40 4.40 311.00  
C3 14.9 42.8 8.3 43.5 10.80 3.20 353.30  
C4 16.6 60.8 6.6 45.1 13.52 4.49 311.40  
C5 15.5 47.7 6.9 44.1 11.44 3.49 342.16  
C6 15.2 45.7 6.7 43.8 11.35 3.43 341.68  
C7 16.9 64.4 5.7 45.4 13.65 4.59 311.80  
C8 16.2 53.9 5.9 44.7 12.16 3.84 331.71  
C9 15.5 49.1 5.9 44.1 11.96 3.71 330.80  
C10 17.3 68.4 6.1 45.7 13.77 4.69 312.20  
C11 15.8 53.0 6.3 44.4 12.64 4.02 320.60  
C12 16.9 61.9 5.9 45.4 12.97 4.27 321.87  
C13 15.8 51.4 5.3 44.4 12.06 3.77 331.25  
C14 16.2 55.7 5.0 44.7 12.75 4.10 321.02  
C15 16.5 58.7 4.7 45.1 12.86 4.18 321.44  
 




SIMULATION OF BLENDING ANIMAL FIBRES OF DIFFERENT LENGTHS FOR 
PREDICTING YARN PROPERTIES 
Table A3.2 Predicted changes in the predicted properties of ring spun yarn within length 
blended groups  








         
W1 14.79 24 4 5.63 2.99 8.12 22.4 3.58 
W2 13.45 9 2 4.84 3.13 8.40 24.3 3.68 
W3 12.12 3 1 4.18 3.19 8.68 26.1 3.88 
W4 13.60 10 2 4.97 3.18 8.37 24.1 3.70 
W5 12.56 4 1 4.42 3.16 8.59 25.5 3.63 
W6 12.27 3 1 4.29 3.08 8.65 25.9 3.54 
W7 13.84 12 3 5.14 3.05 8.32 23.8 3.50 
W8 13.08 6 2 4.71 3.12 8.48 24.8 3.56 
W9 12.51 4 1 4.43 3.17 8.60 25.6 3.63 
W10 14.22 16 3 5.35 3.15 8.24 23.2 3.63 
W11 12.88 5 1 4.60 3 8.52 25.1 3.53 
W12 13.77 11 2 5.09 3.04 8.33 23.8 3.55 
W13 12.75 5 1 4.56 3.14 8.55 25.3 3.50 
W14 13.07 6 2 4.73 3.12 8.48 24.8 3.52 




         
C1 14.65 23 6 7.26 3.93 7.37 18.7 5.45 
C2 13.85 13 5 6.89 4.01 7.42 19.3 6.17 
C3 13.14 7 4 6.68 4.00 7.42 19.3 7.66 
C4 13.98 14 5 6.98 4.02 7.42 19.2 5.94 
C5 13.46 9 5 6.89 4.09 7.37 19.2 7.14 
C6 13.25 8 4 6.74 4.06 7.39 19.4 7.23 
C7 14.14 16 5 7.06 3.99 7.41 19.1 5.74 
C8 13.80 12 5 7.07 4.11 7.37 19.1 6.59 
C9 13.39 9 4 6.79 4.06 7.41 19.4 6.84 
C10 14.36 19 6 7.21 3.97 7.40 19.0 5.57 
C11 13.59 10 4 6.85 4.03 7.42 19.4 6.49 
C12 14.20 17 6 7.16 4.06 7.37 18.9 6.03 
C13 13.58 10 5 6.93 4.07 7.40 19.3 6.70 
C14 13.74 12 5 6.96 4.06 7.42 19.3 6.30 





SIMULATION OF BLENDING ANIMAL FIBRES OF DIFFERENT LENGTHS FOR 
PREDICTING YARN PROPERTIES 
Table A3.3 Partial Least Squares (PLS) regression models for the predicted (Yarnspec) 
data from length blend 
 PLS regression models   R2 
ASFW     
CV % = −10.47 − 0.108 × MFD + 0.105 × MFL + 6.326E − 02 × CVD + 0.333 × CVL 0.999 
Thin/km = 466.61 − 15.325 × MFD + 4.094 × MFL + 0.963 × CVD − 11.882 × CVL 0.965 
Thick/km = 129.51 + 2.456 × MFD − 7.131E − 02 × MFL + 3.800E − 02 × CVD − 3.307 × CVL 0.899 
Neps/km = 1.83 − 0.177 × MFD + 0.090 × MFL + 1.956E − 02 × CVD − 4.015E − 02 × CVL 0.999 
YT (cN/tex)  = 14.12 + 4.69E − 02 × MFD − 2.52E − 02 × MFL − 1.37E − 02 × CVD − 8.69E
− 02 × CVL 
0.999 
ELO (%) = 78.93 + 0.851 × MFD − 0.230 × MFL − 0.104 × CVD − 0.983 × CVL 0.999 
Hairiness =  −3.99 + 0.255 × MFD − 4.252E − 02 × MFL − 4.027E − 03 × CVD + 0.140 × CVL 0.865 
EDMSH =  1.90 − 0.272 × MFD + 5.685E − 02 × MFL + 4.017E − 02 × CVD + 1.562E − 02
× CVL 
0.898 
IMC                                   
CV % = −8.692 + 0.372 × MFD − 1.748E − 02 × MFL + 3.449E − 02 × CVD + 0.384 × CVL 0.999 
Thin/km = −31.52 + 8.134 × MFD − 6.482E − 02 × MFL + 0.569 × CVD − 1.954 × CVL 0.983 
Thick/km = −50.69 + 3.336 × MFD − 0.267 × MFL + 0.145 × CVD + 0.349 × CVL 0.868 
Neps/km = −2.68 + 0.658 × MFD − 4.521E − 02 × MFL + 6.348E − 04 × CVD + 0.033 × CVL 0.979 
YT (cN/tex)  = 10.56 − 0.167 × MFD + 1.752E − 02 × MFL − 8.823E − 03 × CVD − 3.058E − 02
× CVL 
0.665 
ELO (%) = 22.66 − 1.434 × MFD + 0.082 × MFL − 0.078 × CVD + 0.349 × CVL 0.915 
Hairiness =  −5.70 + 5.321E − 02 × MFD − 2.856E − 02 × MFL − 1.048E − 02 × CVD + 0.235
× CVL 
0.904 







SIMULATION OF BLENDING ANIMAL FIBRES OF DIFFERENT LENGTHS FOR 
PREDICTING YARN PROPERTIES 
Table A3.4 Weighted normalisation matrix of yarns 





Criteria weights 0.350 0.025 0.025 0.025 0.027 0.115 0.115 0.317 
ASFW length 
blends 
        
W1 0.0134 0.0008 0.0008 0.0010 0.0127 0.0044 0.0044 0.0822 
W2 0.0740 0.0061 0.0058 0.0058 0.0047 0.0243 0.0243 0.0592 
W3 0.1341 0.0081 0.0084 0.0097 0.0013 0.0440 0.0440 0.0102 
W4 0.0669 0.0057 0.0055 0.0049 0.0018 0.0221 0.0220 0.0549 
W5 0.1142 0.0077 0.0078 0.0083 0.003 0.0375 0.0375 0.0714 
W6 0.1271 0.0080 0.0083 0.0091 0.0076 0.0418 0.0418 0.0922 
W7 0.0560 0.0050 0.0048 0.0039 0.0093 0.0185 0.0185 0.1019 
W8 0.0904 0.0069 0.0068 0.0065 0.0053 0.0297 0.0297 0.0884 
W9 0.1164 0.0078 0.0079 0.0082 0.0024 0.0383 0.0383 0.0707 
W10 0.0393 0.0037 0.0036 0.0027 0.0036 0.0130 0.0130 0.07 
W11 0.0999 0.0073 0.0073 0.0072 0.0121 0.0329 0.0329 0.093 
W12 0.0594 0.0053 0.0050 0.0042 0.0098 0.0196 0.0195 0.0889 
W13 0.1054 0.0074 0.0075 0.0075 0.0041 0.0347 0.0347 0.1001 
W14 0.0909 0.0069 0.0069 0.0064 0.0053 0.0299 0.0300 0.0964 
W15 0.0779 0.0063 0.0063 0.0054 0.0076 0.0257 0.0257 0.0976 
Positive ideal 
solution 
0.1341 0.0081 0.0084 0.0097 0.0127 0.0440 0.0440 0.1019 
Negative ideal 
solution 
0.0134 0.0008 0.0008 0.0010 0.0013 0.0044 0.0044 0.0102 
IMC length 
blends 
        
C1 0.0139 0.0009 0.0010 0.0011 0.0132 0.0044 0.0040 0.1237 
C2 0.0800 0.0062 0.0060 0.0072 0.0079 0.0432 0.0336 0.0872 
C3 0.1389 0.0090 0.0097 0.0107 0.0086 0.0432 0.0334 0.0124 
C4 0.0696 0.0055 0.0055 0.0058 0.0072 0.0435 0.0314 0.0988 
C5 0.1128 0.0079 0.0075 0.0073 0.0026 0.0083 0.0282 0.0386 
C6 0.1300 0.0087 0.0094 0.0097 0.0046 0.0242 0.0380 0.0337 
C7 0.0560 0.0046 0.0047 0.0043 0.0092 0.0386 0.0264 0.1091 
C8 0.0840 0.0064 0.0052 0.0042 0.0013 0.0096 0.0221 0.0659 
C9 0.1181 0.0082 0.0087 0.0088 0.0046 0.0376 0.0403 0.0534 
C10 0.0378 0.0031 0.0033 0.0028 0.0105 0.0264 0.0177 0.1177 
C11 0.1017 0.0074 0.0077 0.0079 0.0066 0.0446 0.0391 0.0714 
C12 0.0515 0.0042 0.0029 0.0019 0.0046 0.0090 0.0144 0.0943 
C13 0.1029 0.0074 0.0073 0.0066 0.0040 0.0267 0.0328 0.0606 
C14 0.0889 0.0067 0.0067 0.0061 0.0046 0.0392 0.0342 0.0808 





0.1389 0.009 0.0097 0.0107 0.0132 0.0446 0.0403 0.1237 
Negative ideal 
solution 
































MODEL FOR PREDICTING YARN PROPERTIES: DETERMINATION OF AN OPTIMAL 
ANIMAL FIBRE LENGTH-DIAMETER USING A DATA FITTING REGRESSION MODEL 
WITH A GENETIC ALGORITHM 
Table A4.1 The coefficients of variables (a1 – a14) for various yarn properties 
 IR Thin place Thick place Neps/km YT (cN/tex) ELO (%) Hairiness EDMSH 
a1 1.281 -1.888e-11 -2.526e-12 0.159 11.863 -12.400 2.252 7.398 
a2 3.647e-16 2.000e-13 4.498e-14 -0.029 0 0 0.214 -0.338 
a3 2.568e-17 -5.241e-14 -3.411e-14 5.026e-14 0 0 0.016 -0.022 
a4 -0.002 -5.154e-14 -4.144e-15 -0.004 0 0 -0.028 0.026 
a5 5.846e-17 -0.001 -0.009 -9.353e-18 0 0 -0.004 -0.003 
a6 0.0007 2.322e-15 3.507e-16 12.0 -3.050 4.930  14.633 
a7  0.002 0.004  -0.215 -0.352  -9.341e-05 
a8  -4.605e-14 -6.175e-16     7.969 
a9  0.808 0.714     -0.609 
a10  -0.017 -0.014     3.705 
a11  1.960e-11 -2.096e-11     -1.441 
a12  1.130e-12 1.713e-12     0.0007 
a13  -6.960 -6.139     0.077 
a14        -0.124 
Residual error 
eerror 












MODEL FOR PREDICTING YARN PROPERTIES: DETERMINATION OF AN OPTIMAL 
ANIMAL FIBRE LENGTH-DIAMETER USING A DATA FITTING REGRESSION MODEL 
WITH A GENETIC ALGORITHM 
Table A4.2 The best fitting terms for the neps regression model 
Parameter (B) Power (β) Residual error  Parameter (B) Power (β) Residual error 
MFD -1 1.41  Number -1 1.4 
MFD -0.5 1.41  Number -0.5 9.81E-22 
MFD 0.5 1.41  Number 0.5 1.41 
MFD 2 1.41  Number 2 1.41 
MFL -1 1.41  CV% -1 1.4 
MFL -0.5 1.41  CV% -0.5 1.41 
MFL 0.5 1.41  CV% 0.5 1.26 
MFL 2 1.41  CV% 2 1.28 
CVD -1 1.19  IR -1 1.41 
CVD -0.5 1.19  IR -0.5 1.41 
CVD 0.5 1.19  IR 0.5 1.41 
CVD 2 1.18  IR 2 1.41 
CVL -1 1.41  YT -1 1.38 
CVL -0.5 1.41  YT -0.5 1.38 
CVL 0.5 1.41  YT 0.5 1.38 
CVL 2 1.41  YT 2 1.38 
MFD / 
MFL 
-1 1.41  ELO -1 1.37 
MFD / 
MFL 
-0.5 1.41  ELO -0.5 1.37 
MFD / 
MFL 
0.5 1.41  ELO 0.5 1.36 
MFD / 
MFL 
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LIST OF DEFINITIONS 
 
Alpaca  
Specialty hair fibre from the alpaca, a member of the South American 
llama family. It is softer, finer, more lustrous and stronger than sheep's 
wool, but in relatively short supply. Fibres are prized for their 
strength, durability and beauty.  
 
Animal Fibres 
Protein-based hair, fur, and cocoon materials taken from animals. 
Typical animal fibres include, wool, mohair, llama, alpaca, cashmere, 
camel and vicuna and cocoon material (silk). 
 
Bales 
In countries where the fleece traditionally has been shipped, the 
fleeces are packed into bales which load better in the ship holds for 
export abroad.  
 
Camel's Hair 
Hair from the two-humped Bactrian camel, which is softer, lighter in 
weight and more fragile than wool. It provides warmth without 




Any animal that comes from the camel family. Obviously camels, but 








Also known as hand carders (as opposed to "drum carders"). Some of 





Carding is the process used to open out fleece so that it can be more 
evenly spun into a "woolen" yarn. The process by which the fibres are 





Soft, silky fibre combed from the cashmere goat with a diameter of 
18.5 microns or less. Cashmere has excellent insulating power, 
providing warmth without weight or bulk. It drapes beautifully, resists 




Fibres that have combed. This process removes the short fibres. When 






An operation in the worsted system of fibre preparation that removes 




Wools having sufficient length and strength to comb. According to 
industry standards, the length of fibres for strictly fine combing must 






The wave effect in the wool fibre. Usually the finer wools show the 







The outer layer of cells of a fibre which are hard, flattened and do not 
fit together evenly and whose tips point away from the fibre shaft 
forming serrated edges. These serrated edges cause the fibres to grip 




The coefficient of mass variation CV % is the ratio of standard 
deviation of mass variation divided by average mass variation. The 





The average value for all the deviations from the mean, which is 
expressed as a percentage of the overall mean is called percentage of 
Mean Deviation (PMD). This is termed Um% by the Uster Company. 
Fibre fineness  
 




The staple length of the fibre. On combing wools, this is often 3-8 
inches, on the down wools 1.5-3 inches. With cotton, it may be 1/4-1 




The finest grade of wool 64's or finer, according to the numerical 
count grade or wool with an 18 to 24 micron count. Also, the wool 
from any of the Merino breeds of sheep. Fine wools may have as many 




The wool from one sheep, either as it comes from the animal or after 


















Llamas are a member of the camelid family fibre originally from 












Usually 1/4, 3/8, and 1/2 blood wools, or wools grading 50's to 62's, 










A micron is 1/25,400 of an inch. The most accurate way of 






The short fibres that are removed from the fibre in the combing or top-
making process. Wool noil is satisfactory for the manufacture of felts 
and woolens. Silk noil is sportier in appearance and created by short 




Fine goat's wool fabric used for making shawls.  
 
Protein Fibre  
A fibre composed of protein, including such naturally occurring 
animal fibres as wool, silk, alpaca, llama and other hair and fur fibres. 
Raw Wool  
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Wool in the grease, as shorn from the sheep.  
 
Scales 
Cuticle cells form a scale-like formation on the surface of the fibre, 
resembling shingles on a roof. These scales on the surface of the fibre 
open from base to tip, causing an interlocking or felting action when 





The process of washing or cleansing wool of grease, soil, and suint in 
a water/soap/alkali solution. When scouring is done commercially, a 
normal fleece goes through at least three washings. During the 





The process of removing the fleece of wool from the sheep by means 












The process of making yarn by drawing out, twisting, and winding 










The length of sheared locks obtained by measuring the natural staple 
without stretching or disturbing the crimp. The fibre regrowth or 







Superfine wool-from about 15 to 18 microns-is in a class by itself, 
comparable to fine cashmere, and is used to make fabrics of the 
highest quality. Superfine wool comes from strains of Merino sheep 




A unit of weight indicating the fineness of yarns and equal to a yarn 





A continuous untwisted strand of wool fibres of predetermined length 
from which the short fibres (noil) have been removed in the combing 
process. Usually produced by carding, gilling and combing wool or 





In spinning, this refers to the turns inserted into a yarn to bind its fibres 
together and thereby add more strength. It is usually indicated as turns 
per inch or tpi Greater twist would be caused by additional revolutions 





The most coveted of all specialty hair fibres, from the smallest and 
wildest member of the llama family. This costly, luxurious fibre is 
finer than merino wool, with a rich, beautiful color that ranges from 
golden chestnut to cinammon. Each animal yields only a few ounces. 
The very limited supply of vicuna is controlled by the peruvian 
government.  
 
 
 
 
 
